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easurement of Water in Gases by Electrical Conduc- 
tion in a Film of Hygroscopic Material and the Use 


of Pressure Changes in Calibration 
By Elmer R. Weaver and Ralph Riley ' 


The electrical conductivity of a thin film of such a material as phosphoric acid changes 


over a wide range with changes in the concentration of water in the atmosphere with which 


it is in contact. 


By adjusting the pressures of a sample of gas of known and one of unknown 


composition, they can be made to have the same concentration of water, shown by the pro- 


duction of equal resistances of the detecting film. Apparatus and procedures for making 


such adjustments and calculating analyses are given in detail, and numerous applications 


are described. The method has the merits of simplicity, speed, and great sensitivity. 


Only small samples are needed, and few substances interfere. 


I. Introduction 
1. General Method 


The measurement of water vapor in gases by 
bserving the resistance of thin films of electrolyte 
s been employed occasionally at the National 
ireau of Standards for a variety of purposes 
ring a period of nearly 30 years. The essentials 
the method are extremely simple. A thin film 
liquid, which may be such a material as phos- 
horie or sulfuric acid or a solution containing 
he or more acids, bases, or salts with a binding 
titerial such as gelatin or a high-polymer plastic, 
spread over the surface of a solid insulator 
tween metallic electrodes. ‘The electrolyte tends 
reach equilibrium with the water vapor in the 
mosphere that surrounds it and to form a solu- 
n, the electrical resistance of which is a measure 
the water vapor in the atmosphere. We need, 
addition, some sort of instrument for measuring 
comparing electrical resistances and a means of 
ibrating the film by comparison with a gas of 
own moisture content. Polarization makes 
essary the use of alternating current for the 
Pasurement. 


The senior author has been unable to learn the whereabouts of Mr. Riley, 


ivilian at Pearl Harbor during the latter part of the war. 
hor is therefore entirely responsible for the text of the present 
the observations on which it is based were made by Mr 
ntributed much of the constructive thought that went into 

f the method. 


The method was devised initially |1]* to detect 
very small concentrations of water vapor in gases 
entering a catalytic reaction in which water is a 
poison. The material first tried for the conduct- 
ing film was a salt, calcium chloride; but it was 
soon found that the salt became a nonconducting 
solid at a humidity far higher than that to be 
detected, and numerous other electrolytes were 
tried. Among them phosphoric and sulfuric acids 
were found most useful, because they served to 
detect the smallest concentrations of water vapor. 
However, films of these materials changed resist- 
ance so rapidly that it seemed hardly worthwhile 
to calibrate them by comparison with known 
atmospheres, laboriously prepared. 

The method therefore fell into disuse except for 
qualitative work until F. W. Dunmore [2, 3] 
employed it successfully for much higher humidi- 
ties in connection with meteorological observa- 
tions. He used a salt, lithium chloride, as the 
electrolyte in a plastic film of very high resistivity, 
but one which held its calibration well. The need 
during the war for a method of determining 
rapidly very small quantities of water vapor in 
aviator’s oxygen led to the development of a 
means of calibrating a sensitive film at the time 
of its use so quickly and simply that little need 
remained for a permanent calibration. This at 


2 Figures in brackets indicate the literature references at the end of this 
paper. 
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once greatly extended the possible applications of 
the method, several of which will be suggested 
later in this paper. 


2. Principle Involved in Calibration by the Ad- 
justment of Pressure 


As a rough approximation, deviations from 
which will be discussed later, the resistance of a 
given film is independent of the gases other than 
water vapor with which it is in contact and depends 
only on the amount of water contained in unit 
volume. If a sample of gas, such as oxygen or 
air, of known water content per unit volume is 
passed over the film it will assume a certain 
resistance. If a second sample of gas of unknown 
water content is then passed over the film, the 
resistance will usually be different, but it may be 
restored to its original value by compressing or 
expanding the second sample until it contains the 
same quantity of water per unit volume (more 
exactly until the water vapor has the same fugac- 
itv) as the first sample. When this condition is 
reached, we note the pressure and readily compute 
what the water content would be in a unit volume 
at any other pressure (usually, but not always, 1 
atmosphere). If the unknown gas is initially at 
atmospheric pressure, it may be more convenient 
to change the pressure of the standard gas until 
the same resistance is produced by both. 

As a simple illustration of the first procedure, 
let us say that the first sample of gas used as a 
standard is known to contain 2 mg of water per 
liter, and that the second sample causes the de- 
tecting film to have the same resistance as the 
first (and that it therefore also contains 2 mg of 
water per liter) when at a pressure of 100 atmos- 
pheres. If the second sample of gas is now ex- 
panded to 1 atmosphere, it has about 100 times 
the volume but the same total quantity of water 
as before expansion, and the water content is, 
therefore, 0.02 mg per liter. The second proced- 
ure may be illustrated by the following example. 
A cylinder of oxygen known to contain 8 micro- 
grams (0.008 mg) of water per liter when expanded 
to atmospheric pressure was used as the standard 
gas. The resistance produced by exposing the 
film to a sample of freon at atmospheric pressure 
was matched by adjusting the oxygen to 18 psig 
(pounds per square inch gage) or a total pressure 
of 2.2 atmospheres. Then the freon at atmos- 
pheric pressure contained 2.2 times as much water 
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as did the oxygen at atmospheric press ire, oy ) 
micrograms per liter. 

Frequently it is convenient, in order to may 
the best use of available gages, to set one was ty 
an arbitrary pressure of no interest in ‘tself yy 
to match it by adjusting the pressure of the oth 
For brevity, the process of adjusting the pressyp 
of one or both gases to produce the same electric) 
resistance of the detector will be called compariy 
In general four pressures are inyolyy) 
in a comparison: 

P,, the pressure at which the standard gas op. 


the gases. 


tains a known concentration of water vapor, § 
P., the comparison pressure at which the stay. 
ard gas is matched with the electrical resistayo 
produced by the unknown gas at pressure P. 
P,, defined by the preceding statement. 
P,,, the pressure at which we wish to know ¢\y 
concentration of water in the unknown gas. 
The water content, C, of the standard gas at tly 
comparison pressure is 
oo 
Sp 


3 


Since it is known that the unknown gas has thi 
same water content at the matching pressure /’ 
the water content, W, at pressure P,, of the w- 
known gas is derived from (, just as C was derive 
from S: 

w nce ee 
rs fen 

Having determined the value of 
obviously use the newly analyzed 
standard to determine W,, the water content 
still another unknown gas at P,, after match 


it electrically at pressure P,, against the ww 


standard at Pw, thus: 
. PoP ol wm 


W,—-W Pes S 
1 i A772 Pl al on 


There is obviously no limit to the number 
steps of this kind that can be taken, but beea 
some error is involved in each comparison, 
results soon lose significance. 

A gas that contains an approximately know 
concentration of water, to be used as the firs" 
the only standard, can be obtained casily '! 
saturating compressed air (or other compres* 
gas that may be available) with water vaper® 
any convenient pressure. S then represents 
concentration of water vapor in equilibrium "@ 
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at the temperature of the measure- 

is the pressure in the saturator. S 

be expressed in any units, not neces- 

rograms per liter, pounds per thousand 

or other units ef mass per unit of 

hey may also be expressed as partial 

relative humidities, or percent by 

Since only ratios of pressures are in- 

, the computation of W and S, any unit 

f pressure may be used, provided it is kept 

learly in mind that total pressures are involved, 
ot gage pressures (above atmospheric). 

In the application of the method that has been 

determining the moisture 

it is convenient to 


jst extensively made 
‘ontent of compressed gases 
ise as the standard gas air, oxygen, or nitrogen 
aturated at about 35-atmospheres pressure and 
xpanded to 1 atmosphere. The water content 
f the unknown gas is to be determined at 1 
jtmosphere. Hence, if pressures are expressed 
jn atmospheres, P, and P,, of eq 2 are both unity, 
snd the equation becomes 


, S 
v P, P, (4) 
in which S is the concentration of water in a vapor 
space in equilibrium with liquid water. 

In the method of use described, the pressure 
gages are the measuring instruments. We are 
usually not at all concerned with the actual value 
of the electrical resistance of the sensitive film, 
and the eleetical instruments are used only to 
show that two resistances, corresponding to 
measured pressures, are the same; but in some 
eases, especially when following changing concen- 
trations of water vapor, it is impracticable to 
ake a separate ealibration through the adjust- 
ment of pressure for every variation of humidity, 
and readings of the electrical instruments are 
recorded and interpreted, usually by interpolation 
between values determined by pressure readings. 
The electrical cireuit is then truly used as a 
measuring instrument and not merely as a null- 
point indicator. 

In the foregoing description of principles, it was 
necessary to qualify many of the statements with 
the words about, approximate, ete. The correc- 
tions to be made to produce more accurate results 
and the sourees of error will be discussed after the 
construction of the instrument and its operation 
have been described. 


Water in Gases 


II. Description of Apparatus Employed 
1. General Arrangement and Procedure 


The general method which has been outlined 
above may be employed with apparatus of great 
variety. For certain purposes the equipment may 
be designed for pressures either above or below 
atmospheric, and many of the parts may be made 
of glass, metal, or plastic in numerous arrange- 
ments. Since the principal application of the 
method in the past has been to the testing of 
compressed oxygen, the apparatus designed spe- 
cifically for and preferred for that purpose will be 
that first described, and alternative constructions 
and accessories will follow. 

The essential electrodes, the separating insula- 
tion on which the conducting film is spread, and 
their support will be called collectively the 
detector. The electrical equipment used for show- 
ing equality of resistance of the film under different 
conditions will be called the indicator. The indi- 
cator consists essentially of two parts, the indi- 
cating circuit involving an adjustable bridge with 
its power supply and amplifying device and an 
indicating instrument, which will be called more 
briefly the galvanometer, although its name plate 
is more likely to bear the word microammeter. 
The other necessary parts of the equipment are a 
pressure-tight enclosure for the detector called 
the cell, a saturator, two pressure gages, four 
valves, a cylinder of compressed nitrogen, air, or 
other gas, and connecting tubing. A high-pres- 
sure regulator and a computer are desirable but 
not indispensable. 

The preferred arrangement of gas connections 
is shown diagrammatically in figure 1. When 
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Figure 1.—Diagram of mechanical connections for testing 


compressed gas. 
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used for oxygen testing, the regulator on the 
nitrogen cylinder is set to deliver gas to the 
saturator at a pressure of about 500 psi, as 
shown by gage 1. The saturated gas is admitted 
in a slow stream to the cell through valve A and, 
after passing over the detector, is discharged 
through valve B, which is generally left wide open. 
When the detector has reached equilibrium, the 
indicating circuit is adjusted so that the gal- 
vanometer needle is on-scale-and the reading is 
noted. Valves A and B are then closed, and the 
gas to be tested is admitted to the cell through 
valve (© and discharged through valve D. These 
two valves are manipulated so that with the gas 
flowing at a moderate rate, the galvanometer 
balances at the reading previously noted. The 
reading of gage 2 is then recorded. The reading 
of gage 1 while gas was passing through the 
saturator is P,, of eq 4, and the reading of gage 2 
is P,. 

In the arrangement illustrated, slight leakage 
of gas through valves A or C, which it is hard to 
avoid with complete certainty, does not affect 
the result, because in each case the leaking gas is 
discharged without reaching the detector. Nitro- 
gen is indicated as the gas to be saturated, be- 
cause it is usually as available at an oxygen plant, 
where most of the testing is done, as is oxygen or 
compressed air, and it does not corrode the steel 
bottle used as a saturator. Except for the rusting 
of the saturator, air or oxygen is as satisfactory 
as nitrogen. If only one cylinder of gas is to be 
tested, it may first be attached to the saturator 
to provide the standard gas and then connected 
as the gas to be tested. If a high-pressure regu- 
lator is not available and gage 1 has a sufficient 
range, the full pressure of the cylinder may be 
applied to the saturator, but this ultimately 
results in the waste of compressed gas and a 
certain amount of inconvenience or a reduced 
accuracy in the reading of pressures. 

The actual arrangement of apparatus in the 
model of the instrument most used, which was 
adopted by the Army Air Forces and is preferred 
by the authors for simplicity and accessibility, is 
shown in profile in figure 2. The valves are 
lettered as in figure 1. A spare valve, F, con- 
trolling entrance to the system at the same point 
as valve C, has been found very convenient for 
the attachment of a gage more sensitive than 
gage 2 (0 to 3000 psi) or of a secondary standard, 
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Ficurt 2.—Front and side elevations of portable instrume 


a cylinder of gas drier than can be obtained fro: 
the saturator. Valve F is not needed for th. 
routine testing of oxygen under the Army-Navy 
specification, however. 

Four of the valves are mounted in a singe 
valve block for simplicity of support. Dimen- 
sions and further details are shown in cross sectinn 
in figure 3. The block is made of heavy metal » 
conduct heat as readily as possible to the points 
of expansion of the gas through the princip: 
valves. The cell is connected to the valve bloc 
only through considerable lengths of smal! meta 
tubing to minimize the effects of expansion on tle 
temperature of the detector. Valve B is place 
directly on the cell to minimize the pressure dry 
from detector to outlet when the standard gas s 
to be used as 1 atmosphere without measurement 
or corrections. It is quick-opening, and its pi 
sages are large for the same reason. 

Details of construction of the various parts 
now be discussed. 


2. Detector 
(a) Detector Currently Used for Oxygen Testing 










In figure 4 is shown the detector preferred )y 
the authors because of its compactness and ea 
of handling when recoating or transferring from : 
place of use to a cell for calibration. It is Ul 
form that has been used in most of the oxyze! 
testing apparatus and also in most of the exper 
mental work to be described. Unless otherw 
specified, it may be considered to be the cetect’ 
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Cus 
om ferred to throughout the remainder of this paper. 
s il is made as follows: The end of a platinum wire PLATINUM 
vet about 0.5-mm diameter is fused to form a bead 
pe out 1.5 mm in diameter. A larger bead of 
rwis ass, made for sealing to platinum, is fused over GLASS 
SOLDER 


ector Hee end of the wire and then into a short length 
thin-walled platinum tubing about 3 mm in 
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Ficure 4.—Detail of detector most frequently used, 




















diameter. The glass readily wets the metal and 
should be allowed to flow slowly into the tube by 
capillarity at as low a temperature as practicable 
in order to avoid the formation of bubbles by the 
decomposition of the glass. The platinum sleeve 
is then soldered into a brass or stainless steel 
fitting that can be screwed into the cell. Both 
soft- and hard-soldering have been employed with 
about an equal percentage of failures, which are 
much too numerous. During soft-soldering, the 
platinum sleeve is heated quickly and tends to 
break away from the glass, as it would not do if 
glass and metal were slowly heated together. 
When the unit has cooled down, the break is not 
repaired but remains an invisible crack into which 
the liquid electrolyte is eventually forced by high 
pressures. When the tip is hard-soldered, crack- 
ing is even more likely to take place during the 
initial heating, but the glass can be heated enough 
to repair the break by fusion. In the meantime, 
the central wire may get badly out of place. In 
spite of these difficulties, several detectors have 
been made by the authors without the aid of jigs, 
annealing chambers, or other special arrangements. 

After assembling, the end of the detector is 
ground off with an abrasive powder to approxi- 
mately the middle of the platinum bead. From 
time to time the surface is examined under a lens, 
and all pits left by bubbles are ground out if 
practicable. An optical polish is not needed and 
probably not even desirable. The degree of 
roughness of the finish does not seem to make 
much difference; it will probably be satisfactory 
to make the finish such that the surface appears 
dull but without visible roughness to the unaided 
eye. A finishing abrasive with grains 20 microns 
in diameter is probably about right. 

The purpose of fusing the bead on the end of 
the small wire is, of course, to increase the length 
and diminish the width of the space between elec- 
trodes. The use of a wire of smaller diameter 
than is wanted at the surface saves platinum, but 
its principal purpose is to minimize the chance of 
cracking the glass around it during heating and 
cooling. An attempt to use smaller platinum 
tubing for the outer electrode resulted in a higher 
percentage of failures. 

It is very important that no soldering flux get to 
the back of the electrodes and their insulation, and 
that the glass be free from cracks extending from 
one electrode to the other. When such cracks 
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occur, not only is the sensitive film sh. .nted jy, 
resistance slowly variable with change~ of huni 
ity, which introduces lag but might b: tolerate 
but there is also a continuous fluctuation of psig 
ance, irregular both in period and imagnity) 
In the worst case observed, the fluctuations, wh 
occurred from once in 8 or 10 seconds to three, 
four times a second, were sufficiently violey , 
cause off-scale deflections of the galvanongy 
in each direction. This particular detector y 
peared perfect when examined in diffused dayligy 
even under a low-power microscope, but stn» 
illumination showed interference colors froy 
transverse fissure well below the surface. 












(b) Detectors of Other Forms 


The first detector was made by twisting 
wires close together around a glass tube 
painting the electrolytic film between them. 1; 
was soon abandoned because, as it evaporate! 
the solution of electrolyte tended to be drawn! 
eapillarity under the curving surface of the wa 
and to leave most of the conducting material i 
relatively thick deposits partially covered py ( 
wire where it was slow to reach equilibrium wij 
the gas. Platinizing the closed end of a glass wi 
and etching a gap in the platinum coating y 
found to be easier than the use of wires and | 
result in a nearly smooth surface easy to 0 
with a relatively uniform film of the electro 
Electrical connections were made through platinu 
wires sealed through the glass before platiniz 
Detectors of this form are quite satisfactory | 





use in glass apparatus at low pressure. For ws 
metal, the platinum coated tube was solieni, 
into a brass bushing [1]. iin 
With the electrical instruments used wnt ep 
cently, resistances of the coated detector were urs 
high to be easily measured in the low range Guo 


humidities, and there was a premium on mai 
the gap between electrodes as long and narrow 
possible. A detector, made for the Am 
National Geographic Society stratosphere ‘a 
of the Explorer IT in 1935, but not used because! 
electrolytic coating did not hold its calibme 
well enough, was made by platinizing a glass © 
about 1; in. in diameter and 1 ft long and cull@ye 
the coating into two helical strips with a sifjna 
edged grinding wheel. The result was a litt 
separation between electrodes about 0.) mm * 
and 3 m long. mu 
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Dunmore [2] ground helical grooves 
tube in the same way but employed 


er, F 


nto a cl 


ted br A 
f humid. 


oleratoififwires laid | the grooves as conductors instead of a 
of resivmm)atinum coating between grooves. Later [3] he 
\Znitudelmmployed! wires wound on a polystyrene-coated 
DS, Which etal tube. 


The earlier detectors were not strong enough to 
ithstand the high pressures required in oxygen 
sting, and several other types have been tried 
r high pressure work in addition to the one 
escribed in section I], 2, (a). Figure 5 illustrates 
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atinizit 
torr { iotRE 5.—Detail of detector made from a high-test aviation 
. , spark plug, type 437. 
For us 
solders one that is simplest to make. The spark- 
ints of an aviation spark plug (which does not 
Unt! epend on the strength of porcelain to prevent 
Wert “@ursting under pressure, the fault of the usual 


ral? Zutomobile spark-plug), are replaced by coaxial 


n MMibes of thin metal, the outer ends of which are 
Harr’ M/plit into segments that can be bent to make 
¢ Am#™ecure spring contacts with the inside and outside 
ere ‘id i glass tube inserted between them. The glass 
cals’ Gibe need not be more than 2 em long. Internal 
alibrind external diameters of 6 and 8 mm are con- 
lass "Menient. The tube is left open at both ends. 
cl cullfne end is dipped into a platinizing solution 
a Slinade by dissolving 1 g of platinie chloride in 10 


a lint Gl of 99.5-percent aleohol and adding 2.5 ml of 
mm ¥ S. P. collodion) and heated above a Bunsen 
hye Gne, at first gently but finally to the initial 


vater in Gases 








softening point of the glass. Usually there is no 
trouble from lack of adherence of the platinum, 
and one dipping is enough. Adherence can be 
improved by very slightly etching the glass with 
hydrofluoric acid before coating. A rounded piece 
of metal, conveniently a bearing-ball soldered to 
a piece of metal tubing, is used with a little fine 
abrasive to grind the platinum coating from the 
edge at which the cylindrical inner surface of the 
tube intersects the plane surface of its end, as 
shown in the small insert in figure 5. The 
initially continuous platinum coating is thus 
divided into two conductors separated by a 
ground-glass surface 0.2 to 0.5 mm wide, which 
is then coated with the conducting film. The end 
of the tube that is not platinized should be fire- 
polished ever so slightly. If the glass is left sharp, 
it may shave shreds of metal from the holders and 
cause puzzling short circuits. If fire-polishing 
results in an easily noticeable change of diameter 
of the tube, it may be difficult to slide over the 
inside spring-tube, and the contact with the inside 
platinum coating is likely to be poor. 

Because they are so easily constructed, several 
detectors in various forms were made of metal, 
usually stainless steel, with plastic instead of glass 
Lucite (methyl methacrylate) and 
The de- 
tectors were quite usable but generally and some- 
what vaguely less satisfactory than detectors with 
glass insulation. They seemed to be sluggish in 
response, particularly after they had been in use 
for some time, an effect attributed to some pene- 
tration of the electrolyte into the plastic where it 
was relatively but not entirely unresponsive to 
changes of humidity. Other effects were attrib- 
uted to poor adherence of the coating to the plastic. 
These unsatisfactory results must not be consid- 
ered conclusive against plastic insulators. The 
polystyrene used successfully by Dunmore was 
not tried because no machinable pieces were at 
hand, nor were Saran, Nylon, or other promising 
materials tried. 

One form of detector, with plastic insulation 
shown in section in figure 6 will be described since 
it is extremely easy to make. It is not well suited 
to high-pressure use but was designed for installa- 
tion in sheet-metal containers within which the 
humidity is to be determined from time to time. 
The detector consists merely of two metal washers 
with a thin sheet of insulating material between 
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insulation. 
two or three other plastics were tried. 
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Ficure 6.— Detail of simple detector with plastic insulation. 


them, held together by a central bolt and spring 
washer. An insulating bushing surrounds the 
bolt. The diameter shown, 1 in., is probably the 
largest there will ever be occasion to use. The 
same construction can be employed with a diam- 
eter of only a few millimeters. The edges of the 
washers and sheet insulation are painted with the 
film of electrolyte. Several sheet insulating ma- 
terials of different compositions and thicknesses 
were tried with equal success so far as could be 
judged from the limited study made. Commercial 
cellophane, 0.03 mm thick, appeared to be as 
good as anything. Brass washers were used, and 
the electrolytic coating was a solution of lithium 
chloride and cullulose acetate in acetone containing 
a little aleohol and water. This coating adhered 
perfectly for a year but, as F. W. Dunmore [3] 
observed, with copper wire and lithium chloride, 
the metal corroded. Stainless steel washers with 
a sheet of Saran (polymerized vinylidene chloride) 
melted between them, and others with poly- 
styrene insulation, are now being tried. 


3. Electrical Indicator 


In the initial study of the method [1] and the 
occasional uses made of it from 1919 to 1935, a 
simple Wheatstone bridge and alternating-current 
galvanometer were employed with 60-cycle alter- 
nating current from the power supply. The 
electrical system designed in 1935 by Frank 
Wenner was essentially the same, except that 
power was supplied from batteries and a motor- 
driven reversing commutator. F. W. Dunmore 
used Wenner’s system in the laboratory, but for 
meteorological work the detector was made the 
resistance element of an oscillating circuit, the 
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frequency of which was the measure of ‘he resis. 
ance of the detector. 

It was a common characteristic of ‘hese indi. 
cating systems, except the last, thai they ». 
sponded satisfactorily only to comparatively Jan, 
currents through the detector. This placed , 
premium on detectors of large size to accommp. 
date an opening between electrodes of sufficioy; 
length and on thick coatings of slow response. |) 
Dunmore’s hygrometer, the current is dipoy 
(though interrupted), and extremely low curr; 
densities between electrodes are necessary, if int. 
ference by polarization is to be avoided. Thx 
necessitates much the same design as though , 
larger alternating current were required. 

F. W. Gross, of the Bureau’s Electrical Instr. 
ments Section, designed for the authors an in. 
cator in which alternating voltage was suppliv| 
from an independent battery-operated oscillate; 
and the unbalance voltage of the bridge was 
amplified through vacuum tubes. The original 
circuit has been modified several times, usually 
the direction of simplification, by E. C. Creitz an 
the authors. Four of the resulting circuits ay 
illustrated in figures 7 to 10. The circuit of 
figure 7 is thoroughly satisfactory, except wher 
it is to be used as a measuring and not merely as 
an indicating instrument (cf. the next to las 
paragraph of section I, 2). It is the circuit that 
has been most used and is still preferred for mos 
work by the authors. The variable resistance, | 
in the arm of the bridge adjacent to the detect 
is commonly changed only in large steps to with 
an order of magnitude of the resistance of th 
detector. The galvanometer reading is the 
brought on-scale by adjusting the point of conta: 
on resistance R, and further electrical measur- 
ment is limited to observing the position of t 
galvanometer needle. 

The circuit shown in figure 8 permits a fair 
accurate measurement of the electrical resistai« 
of the detector and is employed when for any re 
son the electrical equipment, rather than a cot 
bination of pressure gages, is to be used as th 
measuring instrument. It was used in the studies 
of the resistance of films, rate of attainment 0! 
equilibrium, ete., to be reported. ) 

Figure 9 shows a simplification of the circull 
figure 7 that appears to be entirely satisfacto” 
for most purposes and is less expensive. i 
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Ficuke 7.—Diagram of indicating circuit. 
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Used when gages are employed as primary measuring instruments. 


0.5 MFD 





au 

































































Figure 8.—Diagram of measuring circuit. 


Most used when measurements depend on electrical calibration. 


\lifications consist of the substitution of three 
uegohm fixed resistances for the two choke- 
sand the variable resistance V in the bridge 
taining the detector, and of a fixed and a 
rable resistance for the single variable resist- 
«e R of figure 6. The modified circuit is com- 
atively recent, has been only crudely assem- 
kl and has not been used very often for that 
son, 


igure 10 shows a circuit, designed by E. C. 
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Creitz, which uses 60-cycle alternating current 
and thus eliminates batteries. Readings made 
with it have appeared to be less steady than with 
the battery-operated circuits, which are preferred 
in consequence. The low frequency also causes 
the galvanometer needle to vibrate visibly. The 
oscillator of figures 7 to 9 has a frequency of about 
400 cycles per second. 

The galvanometer is a direct-current instrument 
that receives alternate pulses in opposite direc- 
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RE 9.—Diagram of simplified measuring circuit. 
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Figure 10.—Indicating circuit for water detector for 60 cycles, 110 v, alternating current 


tions from the plates of the twin amplifier. 
Weston galvanometers Model 440 and microam- 
meters model 801 have been used with equal 
satisfaction. The galvanometers have a resist- 
ance of about 123 ohms and a range of 15 micro- 
amperes divided into 60 seale divisions. The 
microammeters have a range of 50 microamperes 
with 50 seale divisions. The galvanometers with 
their thin needles backed by mirrors can be read 
with greater accuracy, but this is rarely required, 
and the microammeters cost less and are easier to 
read. 

The characteristics of the electrical indicator as 
a whole (they are about the same for all four cir- 
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cuits) are shown for the circuit of figure 9 by. 
calibration curves of figure 11. The galvw 
meter used was a Weston model 440 and 
variable resistance, R, was a plug—box of |)! 
ohms in steps of 0.1 ohm. The three curves! 
figure, with their corresponding scales, show re 


ances of the detector and corresponding vali 
the variable resistance, R, required to bring! 


galvanometer to balance. The calibration ' 
made by replacing the detector with suce 
measured fixed resistances. The entire rat 
possible resistances from short circuit to ope! 
cuit is covered. The higher resistances are pi" 
on a reciprocal scale. nally 
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jorrE 11.—Calibration of measuring circuit in terms 


resistance of detector. 


The amount of current available from the elec- 
onic amplifier is never sufficient to damage the 
plvanometer, hence at any time any resistance 
n be connected in the place of the detector with 
ypunity. In view of the very great range of 
sistances to be encountered and the suddenness 
th which they sometimes change on going 
mone atmosphere to another, this is a great 
vantage. 


4. Saturator 


The saturator pictured in figure 12 has been 
puerally used. Saturators with more elaborate 
cking have not worked as well. Saturators more 
nply packed have worked better. The saturator 
ling illustrated consists of about 4 in. of frag- 
ents of pumice stone the size of a finger nail and 
inch of glass wool. The entering gas bubbles 
rough about an inch of water. The filling was 
signed with the idea that the bubbles would 
tak and most of the spray would be entrapped 
thin the pumice, the porous nature of which 
uild keep the surfaces wet but would tend to 
event bridging between solid fragments. The 
iss Wool was intended as a filter for spray from 
¢ breaking bubbles. In practice the glass wool 
ually became water-logged and either left only 
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Figure 12. 


Section of saturator first used. 


narrow passages through which bubbles worked 
and broke near the outlet of the saturator, or gas 
entering below the pad squeezed it like a sponge 
and caused the water to overflow in a mass. 
Unfortunately the first packing of this type 
worked well, and a large number of other saturators 
were packed in the same way. More recently the 
saturator has simply been filled with stream- 
washed gravel screened to pass a sieve of 5 meshes 
and be retained by one of 10 meshes per inch. If 
there is 3 in. of gravel above the water level, no 
trouble has been encountered with spray from 
cylinders filled in this way, even when the rate 
of flow of gas was much greater than necessary. 
The saturator leaves much to be desired. The 
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gravel has a high heat capacity, and with cooling 
from evaporation at the bottom and changing 
temperature in the surroundings, the actual tem- 
perature of saturation is uncertain. For highly 
accurate results the whole should be placed in a 
thermostat, of course. What it is hoped will prove 
to be a better saturator has been designed for use 

further study but has not yet actually been 
employed. 


5. Valves, Connections, Gages, Regulators 

Accurately made needle valves of the simple 
construction shown in figure 3 have been mostly 
used. Valves of other types that have been tried 
have been no more satisfactory, at the best. 
Valves B and D, shown in the figure, have been 
used without packing, but this is now considered 
a mistake. Although packing is not needed in 
these valves for tightness, it helps to hold the stem 
steady when the valve is open and facilitates the 
adjustment of pressure. It is accordingly recom- 
mended that all valves be made like valve A. 

The construction of the valve and the method 
of packing follow rather closely the design of H. F. 
Stimson of this Bureau. The packing of the valve 
is important. It should permit the stem to be 
turned easily and smoothly but never permit it to 
wobble. It should also resist the penetration of 
water, as the holding of liquid water in any place 
from which it can evaporate slowly into the cell 
or its connection is perhaps the most troublesome 
of all the sources of error to which this method is 
subject. A packing that can be dried without 
injury by heating above the boiling point of water 
is much to be desired. The packing indicated in 
the drawing is the plastic Saran, a vinylidene 
chloride polymer selected because it is less perme- 
able to water than any other plastic known to us, 
can be dried by careful heating, and does not burn 
readily even in pure oxygen. It can be molded 
in place to an exact fit by compressing while 
heated above its softening temperature. This 
packing is good but makes the valves a little hard 
to turn. A packing most satisfactory in this 
respect, but a little harder to make or to dry out 
if it gets wet, consisted of the following in order 
along the valve stem. A brass washer about 1 mm 
thick, a cellulose acetate washer, 0.5 mm thick, « 
sole-leather washer impregnated with paraffin 
about 2 mm thick, a cellulose acetate washer and 
a brass washer like the first ones. The metal 
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washers are turned to make a close but yo; , 
tight fit with valve stem and barrel. The plast 
washers have the hole a little smaller aid the oy. 
side diameter a little greater than the parts thes 
are to fit, so that a little flow is involved whe 0 they 
are foreed into place. The leather washer sho 
fit a little less snugly than the plastic. This pyq ' 
ing is tight against the highest pressures of ey. 
mercial gas cylinders but offers a minimuy ¢ 
resistance to the operation of the valve. 

The body of the valve that screws into the yyly, 
block and the detector are shown seated agains 
offsets within the block. Alternatively, both hyy: 
been made to seat against the outer surface of ty 















block. Machining is a little simpler in the seco) sel 
case, but there is more chance to trap water Md . 
capillary spaces, more torque must be used » ltl 
make a tight fit, and brass parts of the dimensions 
shown are rather easily twisted off. slat 
Each connection between the valve-block willl, 2 
the cell consists of a foot or two of \p-in. coppr[le hig 
tubing, more or less coiled to act as a heat «fi 4) 
changer. The apparatus should be easy to tai: f 





apart completely for drying and to reassem)) 
The connecting fittings shown have been partir- 
larly satisfactory; they are simple, rugged, a 
easy to make tight. Only metal-to-metal joins 
should be considered. Threads, tapered or othe: 
wise, cannot be made tight without a vast amow: 
of trouble; fiber washers and other forms of paci- 
ing are as bad or worse, chiefly because they ret 
water, 

In making up the assembly of valves and co 
nections, every precaution must be taken to eli 
inate places where water can be stored by sui f@Phe 
things as hydroscopic salts, rubber, or rust (whith 
is a good adsorbent and acts much like a lit!Mlity 
silica gel). Soldering flux is particularly ba one 
and capillary spaces such as screw threads can ® fur 
troublesome. It is good practice before ‘mJ, of 
assembly of the equipment to wash the parts wig atn 
a solvent for grease and then to boil them ‘« 
several hours with several changes of water \ 
remove hydroscopic salts. Finally, the parts 
dried in an oven. 

Gages of the Bourdon type have been 
exclusively for work involving pressures abe’ 
atmospheric. In some work below atmospli 
pressure, mercury manometers were used. 
sufficient care is taken with other things, the * 
curacy of the pressure gages is at least one of! 
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niting {tors in the accuracy with which the 
ethod | be applied to various problems. 
ence the gages used should be as good as it is 
acticably to obtain unless a lower degree of 
curacy in the final result is considered sufficient. 
the testing of oxygen, it is frequently desirable 
» apply the full pressure of the cylinder to the 
I Even when this is not the case, there is 
wavs the chanee that the full pressure, some- 
nes as high as 2,640 psi, will be applied acci- 
ntally. Consequently, a gage reading to 3,000 
i should be used on the cell. There is generally 
<s trouble from obscure sources of water if the 
andard gas is not too dry, hence the saturator 
seldom kept at a pressure higher than 500 psi, 
vl a gage reading to 500 or at most 1,000 psi is 
| that is required at this point. If only high 
meentrations of water, say above 1 percent 
lative humidity, are of interest, gages reading 
b 200 psi will afford greater accuracy than those 
higher range. 
Although lack of a high-pressure regulator does 
t preclude saturating the gas at a high pressure, 
ch as 500 or 1,000 psi, by attaching directly to 
cylinder at that pressure, a regulator is a great 
nvenience. Regulators with upper limits of 
) and 1,000 psi have been used. The latter 
orks slightly better at 500 psi than the former 
dis probably the more desirable for general use. 


6. Systems Operating Below Atmospheric 
Pressure 

The apparatus previously described has been 
signed for use only above atmospheric pressure. 
he employment of pressures less than atmos- 
eric offers some inducements. The practica- 
lity of using glass apparatus of moderate strength 
one. No supply of compressed gas is needed for 
turation. If the usual comparison pressure, 
-, Of eq 2 is reduced to 0.1 atmosphere instead of 
atmosphere, that of P, and P, or both can be 
dlueed to change their product in the same ratio, 
(d the uncertainty of deviations from the ideal 
s laws can be largely eliminated. These ad- 
titages are offset for most purposes by the fact 
at we lack suitable glass valves for controlling 
essure, that low-pressure manometres have a 
Wer percentage accuracy than high-pressure 
ges of equal convenience and cost, and that for 
ses of the same composition, sensitivity is lost by 
bing to lower pressures. The use of metal needle 
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valves with apparatus otherwise built of glass has 
been tried and may be desirable for work involving 
not too low or too extended ranges of humidity, 
especially the testing of reagents. We employed 
a mass of crushed ice, through which air was 
drawn, as the saturator in this apparatus. The 
greatest difficulty encountered with it was the 
certain prevention of leakage. Because an ap- 
paratus of this kind is immersed in an atmos- 
phere usually containing 10,000 to 20,000 times the 
concentration of water vapor, easily detectable, 
a very small leakage is fatal to accuracy, and there 
is no easy way of detecting its occurrence. The 
temperature of saturation also gave trouble. 
Although the saturator was imbedded in as well 
as filled with crushed ice, droplets of water some- 
times appeared so near the outlet that their tem- 
perature was in doubt. 

If a vacuum system is to be employed, it is sug- 
gested that room air be used as the standard gas 
without attempting to saturate it, and that its 
moisture content be determined as often as neces- 
sary by separate tests. In this way, the uncer- 
tainties, both of leakage and temperature, can be 
eliminated from the main series of experiments, 
though not, of course, from the calibration. 


Ill. Conducting Films 
1. Phosphoric and Sulfuric Acids 


(a) Range and Permanence 


The electrolytic film preferred by the authors 
for most purposes is plain phosphoric aicd. At 
ordinary laboratory temperatures it changes resist- 
ance steadily and adequately between a concen- 
tration of water vapor of about 8 micrograms per 
liter and one of about 20 mg per liter (or relative 
humidities from about 0.03 percent to about 90 
percent). Below 8 micrograms per liter, the 
resistance is likely to increase suddenly, particu- 
larly under high pressure, probably because of 
the crystallization of a solid phase. Phosphoric 
acid films have served for measurements as low as 
3 micrograms per liter and are usually all right for 
5 micrograms. The variation probably repre- 
sents failure to crystallize under some conditions 
because of impurities or lack of a seed nucleus. 
In faet, the behavior of the resistance of a film 
under these conditions is fairly typical of crystal- 
lization in general; a film has worked well at 
about 3 micrograms per liter and a few minutes 
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later has been completely insensitive at 5 micro- 
grams per liter. A film containing sodium chlo- 
ride as the electrolyte behaves in much the same 
way, except that the humidity at which crystal- 
lization is likely to occur is about 2,000 times 
higher.® 

Sulfuric acid has no lower limit of sensitivity 
that we have discovered, and it can be used suc- 
cessfully to indicate humidities of a fraction of a 
microgram per liter. The application of the 
method in this low range appears to be limited 
only by difficulties other than the sensitivity of 
the indicating electrolyte. One of these is the 
rapid disappearance of the sulfuric acid itself, 
probably by evaporation but possibly by reaction 
with the materials of the detector. 

Phosphoric acid is much superior to sulfuric 
acid in this respect, but a phosphoric acid film 
also shows an increasing resistance on long ex- 
posure to a constant humidity. The rate is slow 
enough not to interfere with the usefulness of 
the film when calibrations are made to determine 
the significance of each reading. The change 
that takes place through loss of acid between a 
test and a prompt calibration is nearly always 
negligible. 

It isa little hard to specify the magnitude of the 
losses of electrolyte in general terms, particularly 
because changes of temperature or other condi- 
tions cause the resistance of a detector coated with 
phosphoric acid to drift toward lower almost as 
frequently as toward higher values. The follow- 
ing observations will indicate something of the 
magnitude of the effects to be expected. A simple 
phosphoric acid film of 600,000 ohms in gas con- 
taining 0.06 mg of water per liter lost about three- 
fourths of its conductance in 24 hours. A film 
of sulfuric acid in metyl methacrylate, which had 
a resistance of about 1 megohm in an atmosphere 
containing | mg of water per liter, lost about 20 
percent of its conductance in 3 hours. A roughly 
corresponding film of phosphoric acid lost about 30 
percent of its conductance in 2 weeks. A film of 
phosphoric acid in gelatin prepared in 1919 and 
kept in a desk drawer in the laboratory was still 
usable 3 years later [1]. However, as will be 


4 One set of observations with a sodium chloride film, for example, showed 
no conductivity with increasing relative humidities until about 65 percent 
was reached, when the film suddenly became strongly conducting. On 
drying out, the film remained sensitive down to a relative humidity of about 
40 percent, when it became suddenly nonconducting. Under increasing 
humidity, conductivity did not reappear until 65 percent was again reached, 
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shown, it is best to renew the film at least (jj, 
except when the detector must be und) turbed | 
longer periods. 

In the range of humidities below about § pj 
grams per liter, it is advantageous to use mixtyps 
of phosphoric and sulfuric acids. They do yy 
crystallize as readily as the first nor chang 
rapidly as the second. 


or 
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(b) Application otf the Film 








In the beginning it was considered necessary » 
apply the thin films in the form of dilute solutios 
of the electrolytes, to be left behind by the evap. 
ration of the solvent. It was soon found thy 
films of a salt or sulfuric acid when exposed y 
even moderately high concentrations of moisty 
seldom returned to even approximately the say 
value, and the tentative explanation that tly 
changes resulted from physical displacement 9 
the mobile solutions was confirmed when it ws 
found that the trouble diminished if a bindiiefll 
agent such as gelatin was added to the soluin 
However, it was discovered by F. A. Smith tif! | 
phosphoric acid is viscous enough and adhers 
well enough to glass to be used without a bind: 
except possibly at humidities above 90 perce 
and that the sticky concentrated acid can | 
applied to the smooth surface of a detector a 
wiped off to leave a film of almost any conductivity 
The usual reagent phosphoric acid 
percent) may be used, or a small quantity of plo fi 1 
phorus pentoxide may be exposed to the air wii 
The detector 
coated simply by touching a toothpick or the pow 
of a lead pencil to the phosphoric acid and the 
to the surface of the insulator and wiping off th 
excess with a bit of cotton. Less than a mnvin: 
is usually required. One soon learns about lw 
much to rub off. Wiping with a moderate pr 
sure on three successive clean portions of the « 
ton is one rule of thumb. Another is to ¥¥ 
until the finely ground glass surface appears 
but not quite dry. If greater accuracy is desi 
the adjustable resistances of the indicator eat! 
set to approximately the desired reading in ™ 
air and the coating wiped off with one light 
of the cotton after another until the swing o!® 
galvanometer needle shows that the resistance 
become higher than corresponds to elect! 
balance. 






































desired. 





it becomes fluid enough for use. 
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vy, the thickness of the film is not at all 
(oe film may have five times the re- 
nother, but their difference be hardly 
In some ranges of humidity, 
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8S Mier. is quite possible to use interchangeably films 
MXtins ME ving a ratio of resistances of 50:1. In general, 
"do no thicker film permits greater sensitivity, and a 


hanige jinner one reaches equilibrium more rapidly. 
he rule is, therefore, to use as thin a film as will 
ave the desired sensitivity, but the thinner the 
Im the more rapid is the drift caused by loss of 
reagent and the greater is the effect of leakage 
the insulation of the detector and the measuring 
These may be the deciding factors in 
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Sulfuric acid is always applied in a solution con- 
ining a binder. Gelatin [1] and Crystalite 
nethyl methaerylate) have been used. The 
tter is preferred. The best method of applying 
w coating has not been studied, but the following 


TONS! lie 
the same 
that the 


‘ment of s 

n it vale! give a good result. Half a grara of the plastic 
binding dissolved in 100 ml of acetone. To a 50-percent 
solution olution of sulfuric acid in water, an equal volume 


Equal portions of the two 
If the plastic precipitates, 


. * “ : i : » 
vith tha f acetone Is added. 
lutions are mixed. 


adher . : : 

a biniemnough acetone is added to redissolve it. The 
pereet lution is painted on the detector with a camel- 
can ge brush. It dries almost instantly and is ready 
ctor anaer Use. 
ductivity — 

as (c) Sensitivity 

ack 
of phe The actual resistance of a single phosphoric 


air wifieid film, film A, over almost the whole range of 


tector umidities was measured with the circuit of figure 
the pot The observed data are given in table 1 and 
und (hegiiepresented by curve 1 of figure 13. The concen- 
g oll (ration of water in micrograms per liter is plotted 
a mniiii/n a logarithmic seale with respect to the balancing 
out LOMesistance (resistance R of fig. 8) on a linear seale. 
ate pr he approximate resistance of the film itself is 
the cg@™@lotted on a logarithmic seale with respect to 


to We same ordinate in curve 2, the data for which 
ere taken from curve 1 and the calibration of 
cure 11. Film A was such as would ordinarily 
‘used in the lower part of the range accessible 
) phosphoric acid. For humidities in the higher 
inge, a thinner film is preferable because it 
“ches equilibrium with the atmosphere more 
uickly and does not begin to flow at so low a 
umidity. A typical application of phosphoric 
‘id for this purpose, film B is represented by 
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curve 3, drawn on the same scale as curve 1. 
One film has about 20 times the resistance of the 
other, but both are readily usable over most of 
the range of humidities. In figure 14, the balane- 
ing resistances are plotted with respect to relative 
humidity. The two films were used at different 
temperatures of 83.6° F and 81° F, hence the 
ratios of weights per unit volume and of relative 
humidities are not the same. The resistance of 
film B reached a minimum before a_ relative 
humidity of 100 percent was reached, and the 
hook on the upper end of curve 3 of figure 13 
represents a real effect. During exposure to the 
highest humidity observed with film <A, its re- 
sistance passed through a minimum (which was 
the resistance recorded) and was increasing when 
the experiment was discontinued. In both cases 
the effects noted were probably caused by flow 
of the too mobile solutions formed as saturation 
was approached. 


TABLE 1.—Resistance of a film of phosphoric acid (A) at 
various concentrations of water vapor 
Concentration of water 
Balanc- | Resistance , Rela- 
ing re- of detector Micro- tive hu- Partial : 
sistance grams midity pres- Approximate 
liters | at 83.6° | sure dew point 
k 
Ohms Ohms Percent mm Ilg *¢ all 
5, 730 2, 870 10 1.3) «60.039 0.011 —74 —101 
5, 664 2, 700 22.0 076 021 — — th 
5, Al 2, 390 35.2 .12 Os4 —49 — i 
4, 40 2,050 M4 —_ O55 —45 17 
5, 167 1, 600 86.9 . 30 OM —41 —42 
4,913 1, 280 138 4s 13 —38 —36 
4, 700 1,040 171 59 17 —35 —3i 
4, 320 720 263 v1 26 — 30 —22 
3, 836 528 411 1.4 Ww — 2.7 —16.2 
3,420 34 is) 1.9 55 —23.5 —10.3 
3, 195 337 655 2.3 4 22. 0 —7.6 
3,174 332 655 2.3 4 —22.0 —7.6 
2, 055 280) TWO 2.7 77 — 20.0 0 
2.830 253 s7Y 3.0 SS —19.0 —2.2 
2, 304 1M 1, 520 5. 2 1. 48 —13.1 +04 
1, O80 106 2,170 7.5 211 —~91 15.6 
1, 825 SA 2, 600 9.0 2.53 -7.0 19.4 
1,420 aw 4, 510 15.6 4.38 O.5 $1.1 
1,177 37 7, 220 24.9 7.01 +6.0 42.8 
973 17 13, 200 45.5 12.8 15.0 0.0 
SAH & 20, S00 71.7 20.2 22. 3 72.2 
7H 0 (>) 
7,814 x (*) 


* To obtain parts per million by volume, multiply micrograms per liter 
by 0.8044. To obtain parts per million of air by weight, multiply by 0.62, 

> Short circuit. 

e Open circuit. 
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Calibration of two 











7x1000 ohms 
BALANCING RESISTANCE 


14.—Calibration of two conducting films in terms 
of relative humidity. 


The sensitivity of the electrical indicator of 
vure 8 with film A is shown by figure 15. The 
urves were derived as follows. It was assumed 
hat the balancing resistance could be read to 0.05 
ereent of its magnitude at any point. This 
rresponds to about 0.8 seale division of the 
alvanometer. The sensitivity, by which is meant 
he change in concentration of water that could 
« observed with the instrument, was assumed to 
ave the same ratio to the difference between two 
bserved humidities as the 0.05 percent of the mean 
dlancing resistance had to the difference between 
tlancing resistances, and this sensitivity was 
lotted with respect to the average of the two 
bserved humidities. It is apparent at once that 
¢ sensitivity approaches about 0.3 microgram 
vt liter or 0.1 percent of the water present, which- 
er is greater. 

Figure 15 indicates instrumental sensitivity 
ily. It must not be supposed that an absolute 
vuraey as great as this is usually or ever obtain- 
le. The effects of all other sources of uncer- 
hinty remain to be accounted for. Actually, sensi- 
vities, in the lower range of humidities at least, 
i be considerably increased by using thicker 
Jms or by examining gases under pressure, but at 
esent there is usually no object in doing so be- 
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cause the overall accuracy would not be improved. 
It is to be remembered, of course, that the differ- 
ences of water content that can be detected are 
smaller than the minimum amount that can be 
detected with phosphoric acid because of the for- 
mation of a solid phase already mentioned. 


(d) Speed of Approach to Equilibrium 


The speed with which phosphoric acid films 
approach equilibrium with the atmosphere in 
which they are placed is shown for four different 
films by figure 16. The observations were all 
made by the use of the circuit of figure 8 in the 
following manner. The detector, with its film, was 
exposed at atmospheric pressure to gas containing 
1.4 mg per liter until a steady condition was ob- 
tained and the resistance, PR of figure 8, required 
to balance the galvanometer was recorded. The 
flow of the first gas was stopped; a different 
(higher) resistance R was set, leaving the galva- 
nometer off balance; then as nearly simultaneously 
as possible a stopwatch was started and the valve 
of a cylinder containing 0.0114 mg of water per 
liter of gas was opened. When the galvanometer 
needle passed through zero, the stopwatch was 
read. The observed interval of time is plotted 
with respect to the difference between the initial 
and the preset resistance expressed as a percentage 
of the difference between the initial balancing 
resistance and that reached after 15 minutes of 
exposure to the second gas. 
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Figure 15.—Sensitivity of a typical phosphoric-acid film. 
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CHANGE OF BALANCING RESISTANCE-PERCENT 
Ficune 16.—Speed of approach to equilibrium of typical 
films. 


In figure 16, the smallest change of resistance of 
each film for which a time was recorded is shown 
by the circle at the upper end of the curve. 
Other observed points are shown for only films 1 
and 4. No interval of time longer than about 2 
minutes is indicated because the reciprocal time- 
scale is too crowded. The many readings of 
longer intervals were consistent with the shorter 
intervals shown. It was impossible to read the 
time from a single start for more than one interval 
as short as a few seconds, hence several starts are 
represented by each of the curves. Specifically, 
curve | was plotted from three starts and curve 4 
from seven starts. 

Until these tests were made it had been as- 
sumed, somewhat carelessly, that the disappear- 
ance of a phosphoric acid film from the detector 
was the result of evaporation rather than reaction. 
If that were the case, an old coating of phosphoric 
acid should have the same speed as a fresh coating 
of the same resistance, and the coating of highest 
resistance should show the greatest speed in 
reaching equilibrium. These are not true at all. 

The balancing resistance of the several films 
and their approximate actual resistances as read 
from the calibration curves of figure 11 are shown 
in table 2. Films 1 and 2 had the highest resist- 
ance, and for that reason might have been ex- 
pected to react most rapidly. But film 1 was 
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several days old and film 2 about 1S hr o\ 
Films 3 and 4 were freshly applied. Filins | gy 
2 are in the right relative order of speed (o cop. 
spond to their resistances and so are } and 4 
But the two pairs are definitely reversed. 1) 
probable explanation is that the phosphoric ge 
attacks the glass and forms a layer of salts gy 
silicie acid roughly equivalent to a highly ep. 
taminated silica gel. This coating has compar. 
tively little conductivity and reaches equilibriyy 
much more slowly than pure phosphoric acid 


TARLE 2.—Resistances of films used in speed tests 
Concentration of water, mg/liter 
14 0.011 14 0.01 
Film Ra 
Balancing resist- Film resistanc 
ance 


A B Cc D 
Ohms Ohms Megohms Megohms 
1 6,540 7,720 11.0 14 
2 5, 500 7, 550 2. 26 ») 2 
3 3, 930 7, 000 0. M2 M1 2 
4 5, 100 7,474 150 38. 5 : 


' 


The numbers in the last column suggest also th 
old films do not change resistances in the saw 
ratio as fresh ones, but the question is complicate 
by the fact that there !s some conduction of curren! 
in the detector other than through the film, « 
there is room for considerable error in readin 
the higher resistances from figure 11. 


2. Films Containing Salts as the Electrolyte 


It would be obviously desirable to prepare {ilu 
that always’ have the same resistances at | 
same humidities and could be given permanet! 
calibration. Inorganic salts, in general, are 
expected to evaporate or react with glass or ‘\: 
usual constituents of the atmosphere, hence the! 
were the first electrolytes tried [1], and seven 
attempts have since been made by the authos 
to use them, with indifferent success even in ‘ 
limited upper range of humidities in whieh the 
form liquid solutions. 

Dunmore’s study of combinations of elect 
lytes and supporting materials in the developme!’ 
of his successful electrical hygrometer for meteo" 
logical work disclosed the source of at least a p" 
of the difficulties. These are so great that “ 
limit was found which would maintain a *' 
factory calibration when exposed to vary 
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long-period and short-period aging and later [3] 
develop: | means for eliminating some of the causes 
of both among them the corrosion of glass by 
water. in the end, however, the hygrometers 
“must co through an aging period of at least 


10 to 14 days before they are ready for use.”’ [3] 
Some of the authors’ experiences with films of 
the high conductivity needed for successful appli- 
cation with the detector designed for use in 
pressure-tight cells may help in the more complete 
understanding of the problem. 
Figure 17 shows the results of observations made 
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DIFFERENCE (OHMS) BETWEEN BALANCING RESISTANCES OF 
COATED AND UNCOATED DETECTOR 
Ficure 17. Observations with a film containing lithium 
chloride in glycerol. 


with a coating of lithium chloride in glycerol. 
Equal volumes of glycerol and of a 5-percent 
solution of lithium chloride in water were mixed 
and applied to the detector like phosphoric acid. 
The detector was dried quickly by exposing it 
to air of about 0.1-percent relative humidity; 
then its resistance was measured at each of several 
humidities in inereasing order. The results are 
represented as the difference between the balancing 
resistance (PR of fig. 8) of the coated detector and 
that of the detector before coating. Hence the 
plotted values, shown by black circles, increase 
as the resistance of the detector decreases. At 
the highest humidity the resistance of the film 
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decreased as water was absorbed, then began to 
increase. The point plotted represents the mini- 
mum resistance of the film at this humidity. 
The point is out of line with the observations at 
lower humidities, just as is the highest point of 
curve 3 of figure 13, representing a film of phos- 
phorie acid, probably for the same reason— because 
the solution began to flow. Had there been no 
movement of the coating, it is probable that the 
change of resistance would have followed approxi- 
mately the broken line drawn as an extension of 
the lower curve. 

A series of observations at lower humidities 
followed immediately. They are represented by 
open circles and by the left-hand curve in the 
figure, which was drawn to approximate their 
average. Readings were made up and down this 
curve, but care was taken not to reach a relative 
humidity at which flow was- expected to begin. 
The humidity corresponding to each of the ob- 
served resistances was then read from the average 
curve and compared with the observed humidity. 
The results are given in table 3 in the order in 


TaRLE 3.—Relative humidities measured with a film of 
lithium chloride in glycerol made in the sequence given 


in the first column 
* 


Relative humidity 


Test From ; 
electrical From gage 
measure- readings 

ment * 
Percent Percent 
1 67.0 67.1 
2 3.8 3.9 
3 58.2 aS. 1 
1 32. 5 33.1 
5 25.6 25. 5 
6 21.1 20.6 
7 11.4 11.6 
& 6.4 7) 
uv 27.1 26.9 
1 35.3 35.3 
11 46.6 6.7 
12 31.9 32.2 
13 2.7 26.5 
4 15.0 15.7 
15 6.1 5.9 
16 36.0 24.9 
17 25.7 25.5 
Is 45.2 45.1 
lv 14.0 15.7 
» 49 5.9 
21 4.5 “4 
22 30.0 30.8 
23 13.1 15.5 
24 25.7 25.7 
* Values read from average curve. 
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which the observations were made. The table TABLE 4.— Relative humidities measured with a filn. of lithi,, 


shows that there was no important change in the chloride in Crystalite 
calibration of the film during a short period of use 
if too high humidities were avoided. Not all the ee a 
irregularities, perhaps none of them, are to be Test From 
: é a . b electrical From gyp 
attributed to changes in the film. They are no measure-  readit 
ment 


greater than the probable errors of calibration of 
a constant film. Unfortunately, the calibration gees | im 















































did change appreciably in a day or two, probably . 60 
because the glycerol evaporated. 3 ey a. 
The solution of lithium chloride in glycerol, of ‘ 19.9 In 
which several films were made, was found to be 2 sais a 
amply sensitive down to a relative humidity of 6 31.8 E 
about 1 percent, and almost as fast as phosphoric 8 as a 
acid itself. It has little or no advantage in per- ® 5.2 2 
manence or in the upper range possible without flow. " = ," 
It may be useful in atmospheres that would react " 6.1 Hi | 
with an acid. = a a 
Figure 18 represents observations made with a M4 38.9 s 
film obtained by applying a solution of lithium 7 7 . 
chloride and polymerized methyl-methacrylate 16 62.0 él. 
(Crystalite) in acetone. Again the series of ex- > a a 
posures of the film made immediately after coating = a ee 
we I “ T T ~ ae ieee —""h 1Gt 
| is represented by black cireles and later results 
ae - ae we by open ones. The second series was run about 5 + 
hr after the first. Table 4 shows data for this HB e 
sof film of the same kind as does table 3 for the solv- 
tion in glycerol. Ir 
ror Figure 19 represents observations with filmu Ij ! 
. made of lithium chloride in several different bini- 
2 » i ers. To avoid confusion, only the readings ol- 
¢ tained in the first series of tests with each detector 
E corresponding to the black circles of figures 17 aw 
z *Or~ 18, are represented. 
¥ In these tests, which were made before those « 
q 40F figures 17 and 18, the balancing resistance of th 
; detector before coating was not measured, on!) 
se that of open circuit. It is believed, however 
that had the conductance of the uncoated detect! 
been taken into account, it would have been foun 
ms that none of the films with the exception of th 
glycerol had any significant conductance at le 3jP' * 
- than 5-percent relative humidity. The glycem hes 
f | film (which was not the one represented in fig. !' ide 
08 - . gave reproducible readings without regard ' ilut 
© 1000 2000 3000 4000 3000 6000 7000 cot 
previous exposure within the range of humidit 
DIFFERENCE (OHMS) BETWEEN BALANCING RESISTANCES OF ‘ : i + Su 
COATED AND UNCOATED DETECTOR tried; all the others shifted to new curves eve! hud 
Ficure 18. Observations with a film containing lithium time the films were exposed to very high or ve! 4 
chloride in methyl methacrylate. low humidities. _ 
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DIFFERENCE (OHMS) BETWEEN BALANCING RESISTANCES OF 
DETECTOR AND OPEN CIRCUIT 
Observations with several films containing 
lithium chloride. 


IGURE 19. 


. Lithium chloride in glycerol; @, lithium chloride in polyviny] acetate; 
@. lithium chloride in gelatin hardened with formaldehyde; 0, lithium 
chloride in soft gelatin; A, lithium chloride in gelatin and glycerol. 


In addition to the films represented in figures 17 
) 19, several other salts were tried with some of 
¢ plastics, and cellulose acetate was tried as a 
Lithium chlorate, whose saturated solu- 
on should have the lowest vapor pressure of any 
nown salt, appeared to be quite as good as 
thium chloride, but not noticeably better; and 
one of the other salts seemed to be as good for 
eneral use. Less soluble salts may be useful in 
mple alarms. Cellulose acetate films aged 
owly and were particularly slow in reaching equi- 
brium after a change of humidity. 

Several points of interest may be noted in 
mnection with figures 17 to 19. The resistance 
ta given humidity of a salt solution in glycerol 
independent of the past history of the film pro- 
ided it has not lost material and not been 
luted enough to flow by exposure to very high 


inder. 


‘Such an m, consisting of a relay energized through a circuit that 
im, will be actuated only when the vapor pressure of water 
the atmosphere reaches the vapor pressure of a saturated solution of the 


It. The ct of the salt will determine the relative humidity that will 


US a s 


ludes a salt f 
gna 
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humidities. When subjected to a very dry atmos- 
phere, the conductance of the film does not 
approach zero, and it responds to changes of 
humidity as low as 1 percent, far below the vapo 
pressure of a saturated solution of the salt. These 
observations seem to indicate that the salt is in 
true solution in the glycerol and that the latter 
acts to some slight extent as an ionizing solvent. 
As a true solution, the properties depend only on 
composition. 

Films in which colloidal binders are used behave 
differently. Their conductances approach zero, 
not at zero humidity but at relative humidities as 
high as 20 percent. With the exception of 
solutions containing soft gelatin, the calibration 
curves have pronounced knees in the neighborhood 
of the vapor pressure of the saturated solution of 
the unmixed salt, but the position and magnitude 
of the knee-like bend depends on the colloid 
used. If the gelatin in a film is made tougher 
and less soluble in water (or less of a solvent for 
water) by the use of formaldehyde, a knee devel- 
ops. But if the gelatin is made into a rubberlike 
jelly (printers’ roll) by adding glycerin, its prop- 
erties as a supporting material for an electrolyte 
are changed very little. The resistances of all 
the plastic films appear to depend on their past 
exposures to different humidities, particularly to 
strong drying, and when first formed they change 
more or less rapidly for a considerable time. 
Calibration curves retain their general form, in- 
cluding the knee but not their position on the 
resistance scale. Of the plastics tried by the 
authors, methyl methacrylate seems to reach a 
condition of stability most rapidly. 

None of the plastic films respond to changes of 
humidity with the speed of phosphoric acid or of 
a salt in glycerol, but the methyl methacrylate 
films are fast enough for the purpose for which 
they are likely to be used. The readings of the 
film represented in figure 17 required about 3 
minutes each, with the exception of those at the 
two or three highest humidities, which became 
substantially steady only after a much longer 
time. Unfortunately the methyl methacrylate 
films do not adhere well to the detector. Three 
days after the tests represented by figure 18, for 
example, the resistance of the film was infinite, 
probably because it had detached itself from one 
or both electrodes. We have had other experi- 
ences of the same sort. 
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IV. Procedures, Corrections, and Sources 
of Error 


1. Operation of the Instrument 
(a) Procedure in Testing Compressed Gas 


The method of operating the instrument when 
testing oxygen has already been given but is so 
simple that it will be repeated here for convenience 
in the more detailed discussion of points of interest. 
Referring to figure 1, gas from the nitrogen 
cylinder is maintained in the saturator at a pres- 
sure of about 500 psi by means of the regulator. 
The cylinder of gas to be tested is connected to 
valve C. Valve B is opened widely and valve A 
is opened a little to permit a slight flow of gas 
from the saturator through the cell. The indi- 
cating circuit is adjusted, usually by changing 
resistance R (but sometimes V) of figure 7 to pro- 
duce any convenient scale reading of the gal- 
vanometer, and as soon as this reading is suf- 
ficiently constant, it is noted. This reading will 
be referred to as the balance-point. Valves A and 
B are closed in that order and valve D opened 
widely. Valve C is then opened to permit a 
moderately brisk flow of the gas to be tested 
through the cell. As soon as this gas reaches the 
cell, the galvanometer needle goes off-scale on the 
dry side, corresponding to a high resistance of the 
detector. Valve D is now closed gradually, and 
the pressure built up in the cell until the gal- 
vanometer needle swings back to or past the 
balance-point. If, as usually happens, the first 
adjustment carries the needle past the balance- 
point, valve D is opened a little, carefully; if the 
new adjustment overshoots the  balance-point 
in the opposite direction, the valve is closed a 
little, still more carefully. This series of approxi- 
mations is continued until a satisfactory adjust- 
ment to the balance point is obtained. It is 
something of a game of skill, the object of which 
is to make the galvanometer reading come to the 
balance-point as quickly as possible and stop 
there. When this is substantially accomplished, 
the pressure in the cell, P,, is read. If there is 
any doubt that the pressure reading is sufficiently 
accurate, valve © or D is changed and another 
adjustment of the galvanometer to balance is 
made. When the observer is satisfied as to the 
balancing pressure, the thermometer is read and 
the concentration of water vapor is computed. 
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(b) Control of Standard Gas 


Details of the measurement will now be dis. 
cussed. A saturator pressure, P,, of 500 psi js 
selected for this particular purpose, |ecayse » 
ordinary room temperature, Oxygen that mo 
Army-Navy specification for aviator’s oxygen yj 
have a substantially equal balancing pressure. p 
If there is the same probable error in reading 4 
two gages, the probable error of the compariyy 
and the correction for deviation from the ideal 
laws are both minimized by making the two pps 
sures equal. 

The principal source of error is, without doyly 
some uncertainty regarding the water content 
the gas from the saturator, and this is affected \y 
the condition of the apparatus and the rates 
flow employed. To begin with, the regula 
rarely controls perfectly the pressure in the satu. 
tor. When flow is stopped, the pressure by 
up a little; when flow is resumed the pressure {al 
and this change tends to produce an increas 
the water content of the gas as flow is increas 
On the other hand, the evaporation of wae 
within the cylinder tends to cool the gas and caw 
the water content to decrease during the test. | 
the rate of flow is too high, there may not be 
for complete saturation. Expansion at the val 
causes a sharp drop in temperature of the gas wi 
a tendency to precipitate the water as liqu 
Fortunately most of the cooling takes place ale 
the gas passes the narrowest passage in the val 
and any mist that is formed reevaporates. 1) 
massive block is intended to supply heat rapid 
to the valve seat and prevent, as far as practica 
without auxiliary heating, the chilling of thew 
to the valve and the condensation of water fr 
the gas before expansion. This is never ct 
pletely accomplished unless the valve-block a: 
whole is warmer than the saturator, and from tim 
to time a little condensed water comes throw 
the valve and produces a momentary movel! 
of the galvanometer needle toward the wet s 
In practice these brief deflections of the galvanom 
ter are disregarded. They are comparatively ® 
and the amount of water indicated would 0 
affect the reading of the instrument much 
were distributed throughout the gas stream. | 
slower the flow, the less effect there is from 
source of difficulty. 

In practice it is assumed that the gas flow 
through the cell is at atmospheric pressure. “ 
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not, or it would not flow. Conse- 
» detector is exposed to a little higher 
on of water than would otherwise be 
lhe gas cooled by expansion may not 
‘ach room temperature by the time it arrives at 
ye detector. This affects the reading in two 
ays: the lower temperature tends to condense 
ore water in the film and thus cause a decrease 
f resistance, but a film containing a given quan- 
ty of water has a high temperature coefficient in 
se opposite direction. Available data seem to 
dicate that under some conditions of tempera- 
we and pressure the net effect is in one direction, 
nder other conditions in the opposite direction. 
his is still somewhat uncertain, but the needed 
udy of temperature effects has been deferred 
ntil a more elaborate set of controls is made 


re CASE 


vailable. 
The discussion thus far would indicate that 
‘curacy is promoted by making the flow of gas 
om the saturator very slow. We should add 
vit at a very high rate of flow there is danger 
sit liquid water will be carried over from the 
turator mechanically and that there is even the 
sibility that a sudden blast of gas over the de- 
ctor will displace the film (this not infrequently 
appens with the gas to be tested if valves are 
anipulated carelessly ). 
Another factor of importance enters, however. 
he«dry side of the instrument is rarely completely 
ry. Even though the parts of the apparatus are 
ade, dried, and assembled with care, they seem 
) have the property of sorbing water from moist 
hs in sufficient quantity to be readily detected 
ni giving it up later to a drier atmosphere. 
pages are the worst parts of the apparatus in this 
spect; valve packings probably next. This ex- 
winge of moisture with surfaces and pockets 
ithin the apparatus generally affects the resist- 
ice of the detector when there is no flow of gas. 
very small flow is affected to some extent, a 
rge flow is not affected appreciably. For this 
ison we do not want gas from the saturator 
) flow too slowly; there is also a saving of time 
reaching equilibrium if the rate is increased. 
rate of 250 ml/min from the saturator is prob- 
ily usually about right. It is not necessary to 
heasure it, however; the observer soon learns to 
it satisfactorily by other means. In a 
Niet room the gas escaping from the saturator 
t 500 psic should be barely audible to a normal 
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ear, or silent but on the verge of audibility. The 
stream issuing from the small outlet of valve B 
should not be perceptible to the hand unless the 
outlet is blocked momentarily with a finger or 
thumb. The little spurt of gas when the pressure 
is relieved should be noticeable. Momentarily 
blocking the flow should also cause the galvanom- 
eter to respond decisively and at once. If the 
apparatus is thoroughly dry, the galvanometer 
reading should be the same for any rate of flow 
of gas sufficient to prevent diffusion upstream 
from the outlet valve and not great enough to 
build up appreciable pressure in the cell. To 
save time, it is better to adjust near the latter 
limit than the former one. The American In- 
strument Co. puts an adjustable stop on valve A, 
which permits it to be opened the right amount 
without uncertainty or delay, and this is a distinct 
convenience. 
(c) Troubleshooting 

The condition of the apparatus can usually be 
judged by the quick and simple tests that follow. 
Set the rate of flow (with valve A) at what is 
considered a little more than is desirable, to pro- 
duce a slight pressure in the cell, then close the 
valve half way. A prompt but slight deflection 
toward the dry side (higher resistance) is the 
normal reaction if the system is drv, because the 
pressure in the cell diminishes. An immediate 
and permanent deflection toward the wet side 
indicates that water is entering the gas stream 
steadily as it evaporates from a packing, screw 
thread, or other source near the main channel of 
gas flow. A strong momentary deflection followed 
by the return to a steady reading, which is equal 
to or on the dry side of the reading obtained before 
the change of flow, indicates a nearly isolated 
pocket in which wet gas can accumulate and from 
which it is released only by a change of pressure. 
This pocket is usually the gage. If no deflection 
occurs when the rate of flow is changed it may be 
because the rate was initially too low to produce 
appreciable pressure in the cell, because the 
detector or indicator is insensitive, or 
there is so much water in the cell or its connections 
that the gas is nearly saturated regardless of rate 
of flow. 

The conditions may be further explored by 
checking and releasing the flow with a thumb at 
the outlet of valve B. Usually the galvanometer 
deflects sharply to the wet side when flow is 


because 
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stopped, and returns to the original reading when 
it is released. Sometimes a sequence of deflections 
will follow the release in such a way as to disclose 
a source of water, but this is less likely than with 
the less violent changes of flow produced by 
valve A. 

If stopping and starting the flow at the outlet 
does not produce normal deflections of the gal- 
vanometer, the detector should be taken out of 
the cell and its response to the ever-changing hu- 
midity of room air noted, particularly the effect 
of bringing the detecting film near the operator’s 
hand. If the indicator responds normally to this 
by promptly indicating a much lowered resistance. 
and particularly if the resistance of the detector 
in the cell was low, the apparatus is probably 
flooded. 
phere near the skin does not cause a sharp de- 
crease of resistance, the system is inherently 
If touching the electrodes with the 
finger does not produce a quick off-scale deflection, 
the trouble is in the electrical indicator and may 
be caused by a run-down battery, a broken con- 
nection, shunting by a low resistance, or the like. 
If the response to touching the electrodes is normal 
the trouble is in the film, which must be renewed. 

The troubleshooting procedure is not as cumber- 
It should not 
require more than 2 or 3 minutes including the re- 
newal of the sensitive film, if that is needed. Cor- 
recting faults in the electrical system and drying 
out the apparatus, when this is necessary, take 


If exposing the detector to the atmos- 


insensitive. 


some as its description suggests. 


longer. 

If liquid water in quantity has gotten into the 
dry side of the apparatus, it is all but impossible 
to dry it out completely except by disassembling 
the apparatus and baking the individual parts. 
If the moisture has come only from exposure to 
gases of fairly high humidity, it can usually be 
removed sufficiently by attaching a cylinder of dry 
gas and alternately building up and discharging a 
pressure of several atmospheres in the system. 
The evcle can be repeated every 2 or 3 seconds. 
If 500 or 1,000 cycles are not effective, more 
thorough means of drying should be resorted to. 
This treatment is usually needed and usually 
successful after the apparatus has been out of use 
for a considerable period of time. 
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(d) Selecting and Matching a Balance } int 


It has been remarked by one of the users of \, 
instrument that the galvanometer reading , 
always drifting, and this is substantially jp, 
There are numerous possible causes for driftiyy 
especially when gas is coming from the saturyiy 
To those causes that will be evident from the pre 
ceding discussion must be added changing batioy 7 
voltage and the effect of changing temperature yy 
humidity on the measuring circuit, including ¢) 
resistance of the insulation of leads and deterty; 
That these are real effects is clearly shown by \\y ) 
different balancing resistances required from tip, 
to time with an open circuit. Probably, howev» 
the major cause of drifting is the slow approach » 
equilibrium within the glass insulator. The ghs 
is, after all, an extremely viscous liquid that nev I 
In time, the electyy. 
lyte with which it is in contact probably diffus HR, 
into the glass to a considerable depth, making » 
more conducting. The subsurface 
reaches equilibrium with water only very slowy 
probably only at a rate comparable to that « 
which the electrolyte penetrated originally. Vhu 
not in use, the detector is usually exposed to tly 
relatively high concentration of water in norm 
air and tends to reach equilibrium with it. The 
when the detector is used with gases of far lowe 











possesses infinite resistance. 











elect rolyt 























water content, the freshly applied surface {ily 
follows closely the momentary changes of wate 
vapor in the atmosphere, but the resistance of tly 
underlying glass drifts slowly and without mu 
reference to the surface changes, usually towan/: 
higher value. Usually we cannot afford to wa! v 
for the reading in the standard gas to become co 
stant, and we have to wait only for it to becom fii } 
so slow that we are not concerned with the chang 
that takes place in a minute or two, for it will ta 
no longer than that to complete the compans 
with the unknown gas. Neither are we concert 
with the temperature coefficient of the film, | | 
condition of the batteries, or the electrical 
nections, provided these do not change appreei!! 





























during the measurement and that the measun ( 
instrument is still sensitive enough. All egy * 
effects are cancelled out by the fact that they © tl 
fluence the reading with the standard gas to! ( 





same extent that they influence the unknown 
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sa waste of time to set the electrical 
‘th the first gas involved in the com- 
‘hat no current passes through the 
r or that any other predetermined 
ding is indicated. It is more convenient 
rely to bring the reading well onto the scale 
that later the approach to it can be observed, 
j to make a mental note of it. The observer 
y forget the balance-point occasionally, but 
vill take less time to recompare the gases in the 
- eases of doubt than to adjust to preselected 
nts or to jot down the balance-point in all 
vs. When following conditions that cannot 
reproduced at will, it is safest to record each 
ance-point, of course. 
\s the galvanometer is expected to drift, there 
virtue in completing the test as quickly as 
sible. Just as anything dries more quickly 
a wind than in still air, the completion of the 
t is hastened by a rapid flow of the unknown 
Too strong a gust, however, wastes gas, 
nis to displace the film, and fails to warm up 
ugh between the valve and the detector and 
roduces an uncompensated thermal effect. In 
ting compressed oxygen, the initial rate of 
v through valve C with D wide open is probably 
t made at about 1 to 1.5 liters per minute. 
is will be considerably reduced as D is closed 


“sually 
jstance 
json SO 
vanom 


vn. 
Vhen tests are being made only to determine 
ether gas does or does not meet a specification, 
‘takes account of the temperature and _ the 
ting of the regulator and computes the pressure 
which gas that just meets the specification 
uld balance. Thereafter until test conditions 
changed, it is necessary only to run the pres- 
ec of the gas to be tested up to the predeter- 
ned value and note whether the galvanometer 
ding is to the right or left of that made with 
‘standard gas. <A setting with the standard 
is made with each cylinder, but this is easily 
ne by an observer while someone else changes 
‘test cylinder. It has been found practicable 
one observer, with a sufficient crew of laborers 
shift eylinders, to make tests by this method 
the rate of 100 cylinders an hour. If it is to 
determined how much water is present, not 
rely whether it is above or below a certain limit, 
re time is required. A test does not often 
julre more than 2 minutes exclusive of the time 
ured to move and connect the cylinder. 
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(e) Use of Compressed Gas as Standard 

Actually it is not practicable to measure the 
water content of most of the aviators’ oxygen now 
made by direct comparison with gas from a satu- 
rator, even if the saturation pressure is 1,000 psi 
instead of the recommended 500 psi. If, for 
example, gas saturated at 1,000 psi and 25° C 
(77° F) and expanded to 1 atmosphere matches 
gas at the usual charging pressure for storage 
cylinders, 2,000 psi, the water content of the 
stored gas is 4 micrograms per liter (after ex- 
pansion to 1 atmosphere). If the saturation 
pressure is 500 psi, the minimum measurable 
water content of the stored gas is 7 micrograms 
per liter. Most of the aviator’s oxygen tested 
at the Bureau of Standards, after the oxygen 
manufacturers began trying to comply with the 
specified maximum of 20 micrograms, has con- 
tained less than 4 micrograms per liter. To 
determine the water content actually present in 
such dry compressed gas, or to measure conven- 
iently the water content below 0.2 or 0.3 mg per 
liter of gas not initially under pressure, it is best 
to use a cylinder of fairly dry compressed gas as a 
secondary standard. Even for gases within 
range of direct comparison with the saturator, 
the cylinder is a convenience because less care is 
required than in the control of the saturator, and 
the composition of the standard gas is less 
dependent on temperature. 

The gas to be used as the secondary stand- 
ard must be compared frequently with gas 
from the saturator, for the water content of gas 
discharged from a cylinder invariably increases 
as the pressure falls, because the gas in the cylinder 
is always in near equilibrium with water adsorbed 
on the walls. This equilibrium is somewhat 
affected by temperature, but changes in the gas 
are slow. 

A cylinder of gas to be used as a secondary 
standard in testing other cylinders can usually be 
selected from the lot. Otherwise it can be con- 
veniently prepared in a laboratory in which com- 
pressed air and a vacuum pump are available by 
thoroughly drying an evacuated cylinder, ad- 
mitting as much air from the room as is desired, 
and filling with compressed air, dried with a good 
desiccant after compression. An an example, 
assume that a water content of about 25 micro- 
grams per liter is desired in the secondary stand- 
ard, that compressed air is available at 1,800 psi, 
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and that the laboratory air is 50 percent saturated 
at 25° C. The room air contains about 11,500 
micrograms of water per liter. At 1,800 psi, the 
evlinder will contain about 125 volumes (at 1 
atmosphere) of air. Hence we want about 
(25 * 125)/11,500—0.27 atm=210 mm H¢g of room 
air in the cylinder. As a secondary standard this 
gas can be used, while still at the initial pressure, 
to measure gas at 1 atmosphere containing from 
about 25 to about 3,000 micrograms per liter, or 
gas compressed at 1,800 psi at about 0.2 micro- 
gram per liter after expansion. It will measure 
the quantity corresponding to saturation with 
liquid water in the eylinder of any gas above about 
4 atmospheres. As the gas in the standard 
evlinder is used up, the usable range becomes 
narrower. The upper limit because 
only lower comparison pressures (P?, of eq 2) 
are available; the lower limit increases because 
some water evaporates from the cylinder walls. 

The actual use of standard gas from eylinders 
differs from the use of a saturator in only one im- 
portant respect. It is more often advantageous 
to use the secondary standard at other than a 
pressure of 1 atmosphere; unless advantage is 
taken of the fact that the barometric pressure is 
known more accurately than any small pressure 


decreases 


can be measured on the gage attached to the 
instrument, accuracy is favored by making the 
pressures of standard and unknown gas as high as 
practicable. There is less reason than with the 
saturator to avoid excessive flows, and the ob- 
server may wish to gain speed by increasing some- 
what the flow used. On the other hand, he may 
wish to conserve the supply because of the trouble 
of renewing it. 


(f) Operations Other Than Testing Compressed Gases 


In most of the numerous possible applications 
of the method other than testing compressed 
gases, the gas to be tested is at atmospheric pres- 
sure. Instead of varying the pressure of the 
unknown gas to obtain a balance corresponding 
to an observation already made of the standard 
gas, the first galvanometer setting is made with 
the unknown gas, and the pressure of the standard, 
whether from saturator or calibrated evlinder, is 
varied to obtain a balance. The details of the 
procedure are so like those already given that they 
probably require no further description. Because 
we lack the ability to change the pressure of the 


194 






unknown sample the range of concen: cations » 
can be measured with a single stan ard \ ,,, 
rower than in testing compressed eas. gy) 
may need two secondary standards 
to the saturator, whereas we rarely need py 
than one in work with compressed gases. 
One source of error should be emphasize 


and we 
n adi tion 





connection with miscellaneous uses of the ing 
ment. No rubber whatever can be used jy . 
connection through which a gas to be (ested fp. 
Exposing the gas to contact with any rubber o» 
face is almost equivalent to exposing it to con, 
with an equal free surface of water. 


2. Deviation from the Ideal Gas Laws and (i 
putation of Results 


(a) Oxygen, Nitrogen, and Air 





The equations given in the introduction y 
serve to compute correctly the results of eye 





ments provided all the gases involved, inclyiy e 
This slat 
ment is meant to include as a part of «ly 





water vapor, behaved as ideal gases. 





havior of ideal gases the commonly assumed: 


that the mass of water vapor per unit volun th 
equilibrium with liquid water is independen’ ae 
the presence of other gases. The rule is rot 


strictly true, and the deviation from it is | 
attributed to forces between the 
water vapor and other gases, which are the sw 
forces. that 
and Dalton’s laws. 
as convenient to 





molecules 


cause the deviations from Boy 
Hence it 


include the 


Is correct as ¥ 





rule of consti 


vapor pressure among those defining relations a 
ideal gases. per 

In the initial use of the pressure-bala - 
method for water in oxygen, the amount of wim! 
found was always lower than that fow [ro 
gravimetric determinations. C. E. Earle, 0 agget 


U.S. Navy Department, suggested deviation / 
ideality as the explanation. The results of lue 


determinations were studied statistically by gg" 

junior author, and simplified eq 2 th t 
» BPP, 

WW ft no 

was replaced by the empirical equation, wer 

SP.A—KP.) P,(i—KP | 
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e value of 0.00015 was assigned to 
/, when pressures are expressed in 
square inch. If pressures are ex- 
tmospheres, this amounts to K 


1a tel 
» const 
unds =p 
ssed 
22 
Entirely independently an attempt was made 
evaluate A from data in the literature on the 
wentration of water vapor in compressed gas in 
nilibrium with the liquid and the deviation of 
ven from Boyle’s law. The available data 
re not entirely adequate; they involved some 
vertain extrapolations, but they led to the value 
0.002. An additional decimal place was not 
tified by the accuracy of the data. This may 
considered a satisfactory agreement with the 
served results. 
Figure 20 represents the results of one set of 
wriments intended to determine the value of K. 
e equation in the figure is eq 5 with pressures 
pressed in pounds per square inch and P, and 
each equal to 1 atmosphere. In the tests the 
ssure of saturation was varied as much as 
ucticable, and the determination completed by 
» usual method of comparison. When plotted 
th respect to the pressure of saturation the 
ter formed from the uncorrected eq 2 passed 
rough a maximum (this plot is not shown), 
ducing a substantially symmetrical curve. 
we the product of P, and P, decreases when 
increases, the parts of the curve on opposite 
les of the maximum, which occurred at a value 
about 550 psi for both P, and P,, could be 
mbined in a more condensed figure by plotting 
‘amount of water found with respect to the 
verof P, and P,. This has been done in figure 
.in which four different plots have been made 
results calculated with four different values of 
irom 0 to 0.00018. It is at once apparent that 
results are low and in poor agreement with each 
ier if A is given a value of 0 or 0.00010. If the 
lue assigned to K is 0.00015. the average of 
‘results by the electrical method is in agreement 
th the average of the gravimetric tests, but the 
tted results still show a definite slope. If we 
ign the slightly higher value K=0.00018, there 
no longer a distinct slope to the plot, but it 
wsa higher average than the gravimetric tests. 
wever, of the three gravimetric tests two were 
bse together and the third about 10 percent low. 
tease of this kind, there is probably as much 


“on to accept the two closely agreeing results 
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as the average of the three. If this is done, all 
observations agree with the gravimetric result 
within 2 micrograms per liter. 

It is to be noted that the factor K can apparently 
be determined almost as well from the agreement 
of results at different pressures of saturation as 
from agreement with gravimetric tests. There 
was some question as to whether the same value 
should be used for the As affecting P, and P,, i. e. 
whether a high pressure in the saturator and a 
low matching pressure was exactly equivalent to 
a reversal of the two. Both from the results 
shown in figure 20 and from much more numerous 
tests with other cylinders, it was decided that any 
error introduced by using the same value of A in 
connection with all observed pressures was out- 
side the limit of error of the current observations. 

There was also a question whether the same 
value of A should be used for nitrogen and oxygen. 
This was tested directly several times by substi- 
tuting air and oxygen for nitrogen in the saturator 
for testing the same cylinders of gases. Although 
we should expect a slightly lower factor for nitro- 
gen than for oxygen, the difference again seemed 
to be outside the limit of error. Hence the same 
constant, 0.00015, has been used for air, oxygen, 
and nitrogen. The value 0.00017 may be better. 

Without doubt the exact value of the constant 
changes with temperature; but again the effect is 
not noticeable in comparison with other variations 
within the usual range of laboratory temperatures, 
hence the same constant is used at all ordinary 
temperatures. The true value may be expected 
to decrease with increasing temperature. 


(b) Computer and Its Use for Compressed Gas 


The solution of eq 5 involves ascertaining the 
value of S, the saturation pressure of water at the 
temperature of test, and reducing four pressures 
from gage to the absolute scale in addition to the 
subtractions and multiplications indicated by the 
formula. The time involved in doing this by 
longhand is greatly in excess of that involved in 
making the tests themselves. Accordingly, a 
simple computer was designed by the authors to 
do most of the work. It is in principle a cireular 
slide rule with three pressure scales on two rotat- 
ing disks above a base-plate. The base has two 
The computer is made of either metal or 

Computers of both types are shown in 


scales. 
plastic. 
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Ficure 20.—Correction for deviation of water vapor in oxygen from ideal vapor. 
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The computer is designed to 

al results from eq 5 when pressures 

d in pounds per square inch gage, 

wessure is 14.7 psi, and K=0.00015. 

r the vapor pressure S is engraved on 

te by laying off angles proportional to 

). logarithms of the vapor pressures at definite 

mperatures and marking the temperature in 

wrees Fahrenheit to which each angle corre- 

ate On the seales for saturation pressure, P,, 

rtest gas pressure, P,, and for comparison pres- 

re. P., angles are proportional to the logarithms 

absolute pressures, but marked with the corre- 

ponding gage pressures when the barometric 

essure is 14.7 psi. Values of W are on an ordi- 

ary (slide rule) logarithmic scale and are marked 

fractions of a milligram per liter from 0.001 to 

(). The computer is designed for a constant 

ue of P, of 14.7 psi, which is represented by 

- angular spacing on the base plate of the 
ales for S and W. 

Further understanding of the operation of the 


Figure 21. 
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rule will be best conveyed by a description of some 
actual computations. In figure 21 the computer 
is set to show the concentration of water in gas 
discharged from a cylinder at atmospheric pressure 
if the standard gas, saturated at 500 psig and 70° F 
and expanded to 0 psig (14.7 psi), is matched by 
gas from the cylinder at a pressure of 400 psig. 
The number 500 on the saturation pressure is set 
opposite 70° F on the temperature scale. The 
zero of the comparison pressure scale is set oppo- 
site 400 of the test gas pressure scale, and the 
desired answer, 0.0215 mg/liter, is read opposite 
the zero of the comparison pressure scale. Since 
both P. and P,, are equal to 1 atmosphere in the 
example given, the value of W is just opposite 
that of P,, and any line drawn from the center 
across the scales would serve as well as the zero 
of the comparison pressure scale to connect the 
two points. The Air-Force designer of the plastic 
computer thought it more convenient to use a line 
on the handle of one of the disks for this purpose 
than to use the end of the comparison pressure 


Metal computer. 





MOISTURE CALCULATOR 


FOR 


HIGH PRESSURE GAS 


Figure 22. 


scale. Accordingly the solution of the above 
problem is usually found with the setting of the 
plastic computer shown in figure 22. The posi- 
tion of the line on the handle, as the computer is 
made, has no significant relation to the zero of 
the comparison pressure scale. This is unfortu- 
nate, for a small change in the position of the 
handle would make the angle between the two 
equal to an exact decade on the water-vapor scale, 
and this would be convenient for many purposes. 

If we wish to make use of the comparison pres- 
sure scale, its zero must be set opposite P, of the 
test gas pressure scale, as shown in figure 21. For 
example, had the gas from the saturator been 
expanded only to 20 psig instead of 0 psig, and 
had the matching pressure of the unknown gas 
been 400 psig on the test gas pressure scale as 
represented by the setting, the gas after expansion 
from the eylinder would be shown to contain 0.05 
mg per liter. 

A glance at eq 5 shows that P, nad P,, enter the 
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Plastic computer. 


equation in the same way, so that the compar» 
pressure seale can be used equally well to comp. 
values of W, when P, is 0 psig and /’,, is some! 
else. If both ?, and P, are more than 0 psig. § 
must add the corresponding angles in succes 
as we would make successive multiplications 0! 
ordinary slide rule. 

The plastic computer has a seale of altitw 
corrections attached below the zero of the 
parison pressure scale. The primary purpor ” 
this scale is to prevent an incorrect deter! 
tion of whether compressed oxygen meets | 
specification of 0.02 mg per liter when the mea» 
ment is made in a testing station at high alt 
In this case, the comparison pressure /’, 0! 
is less than the 0 psig (14.7 psi) for which 
comparison pressure scale was constructed. | 
absolute pressures represented by given rea 
of the gages that show saturation presst! 
test gas pressure are also less than corres) 
exactly to the scale, but the correction: 
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| fractions of the probable values of 

ives. Since the humidity with which 

: concerned is 0.02 mg per liter, and 

ally obtained with seale readings of 

psig on both the saturation and test 

re seales, the altitude correction was 

for the values 0, 500, and 500 psig of 

he three significant pressures and marked on 

he computer. When making a test of oxygen 

y the usual routine at the altitude of Denver, 

he saturation gage pressure is set opposite the 

emperature of saturation and the zero of the 

omparison pressure scale is set opposite the 

est gas gage pressure, as usual, but the water 

ontent of the gas discharged from the cylinder 

read opposite 5.3 thousand feet, the altitude 

{ the city. A setting that would result for a 

us that just meets the specification is shown 

by figure 28. If the correction for altitude were 

ot applied, the determination would be in error 
by about 0.0035 mg per liter. 


(c) Computing Relative Humidities 

As the seale marked water vapor is an ordinary 
logarithmic scale, its use is no more confined to 
that one quantity than is the seale of an ordinary 
slide rule. In computing relative humidities, 
it is convenient to use it to represent ratios. In 
combination with the comparison pressure scale 
it is possible to work a large variety of problems 
involving ratios and gage pressures just as a slide 
rule would be used. One edge of the handle of 
the upper disk can be used as a marker in place 
of the glass slide of the conventional rule. 

Three examples will be given: 

1. Room air at atmospheric pressure is matched 
with air from the saturator, which is at room 
temperature, by adjusting the comparison pres- 
sure at which it flows over the detector in the cell 
If the pressure in the saturator is 300 psig and 
the comparison pressure at which matching occurs 
is 100 psig, what is the relative humidity in the 


room? 
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Plastic computer set for altitude of Denver. 





Solution: Set 300 of the comparison pressure 
scale under /.0 of the water vapor scale. Opposite 
100 of the comparison pressure scale, read 37.5 
percent, the relative humidity measured. 

2. A cylinder containing 300 psig of oxygen is 
compared with gas delivered at a comparison 
pressure of 35 psig from a saturator in which the 
Matching occurs at a test 


As gas from the test chamber matche~ that fy) 
the saturator at the test pressure, it Would hay, 
relative humidity of 9.7 percent if he» ted to 75 
F (fig. 24, b). The end of the comparison pres 
sure scale is now placed on this point as a marke 
and the upper disk is rotated to bring (he edyp y 
its handle over 32° F of the temperature sj 
(fig. 24, ¢). The two disks are now rotated ». 
gether until the handle-marker reaches 75° F yy, 
have thereby rotated the other marker throug) 
the angle between the marks corresponding 
these two temperatures and have thereby my. 
plied a relative humidity of 9.7 percent by th 


pressure is 400 psig. 
gas pressure of 25 psig; cylinder and saturator are 
at the same temperatures. It there liquid water 
in the oxygen cylinder? 

Solution: Set 400 of the comparison pressure 
scale opposite 7.0 of the water vapor scale. Mark 
the position of 35 on the comparison pressure ratio between the vapor pressure of water at 7; 
(It indicates a relative humidity of about F and that at 32° F. The result, read at; 
end of the comparison pressure scale, is 44 perce; 
the relative humidity in the test chamber 
24,d). We now rotate the upper disk to bring»: 
handle to 7.0 of the percentage seale (fig. 24, 
The angle between this marker and the other 
end of the comparison pressure scale) now rey 
sents the ratio of saturation pressures at the end 
of the range of temperature through which «| 
test chamber must be reduced to cause moist 
to precipitate. Hence if we again rotate the 1 
disks together until one marker is at 32° F 
other indicates the dew-point in the test cham! 
13° F (fig. 24, f). 


seale. 
12.5 percent in the cell when the comparison was 
made.) Bring 25 under the mark. Then 300 on 
the comparison pressure scale is found opposite 
0.97. This is too close to 1.0 (which would 
definitely indicate the presence of liquid) to be 
considered safe, and the cylinder should be baked 
out before it is refilled. 

3. It should be apparent that all the scales of the 
computer can be used in adding and subtracting 
the logarithms of the numbers represented. The 
last problem will be a long one to illustrate the use 
of several scales. 

Problem: A test chamber is maintained at 32° F 
and atmospheric pressure. Air drawn from it (and 


, , . (d) Measurement of Water in Dioxid 
warmed in the process) is compared at atmospheric ) P nie Sammon Misa 


pressure with gas from a saturator at 75° F. 
The pressure in the saturator is 1,000 psig, and the 
comparison pressure at which matching occurs is 
70 psig. What is the relative humidity in the 
test-chamber? If it is cooled further, at what 
temperature will the dew point be reached? 
Solution: Since the comparison pressure scale 
ends at 400 psig, it must be supplemented with 
one of the other scales, most conveniently that for 
saturation pressure. To do this, the upper end 
of the comparison pressure scale is used as a 
marker, and /,000 of the saturation pressure scale 
is brought under /.0 of the water vapor scale. 
The end (400) of the comparison pressure scale is 
now set opposite the 400 of the saturation pressure 
scale and is now in the position it would be in had 
it been extended and its 7.000 mark made to co- 
incide with 1.0 of the water vapor scale (fig. 24, a). 
The position of the actual comparison-pressure, 
70 psig, is now marked with the handle of the 
upper disk. It is found to be at about 0.097. 
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A somewhat hasty search failed to disclose | 
lished data regarding the density of water vs 
in equilibrium with water in more than a very! 
gases, and the data that exist are not ver) 
cordant. So far as they go, they are consisie 
with the view that the increased density | 
result of van der Waal forces and that the ef 
can be expected to increase with the van der \\s 
constant a. We then expect the value of 
5 to be very small for hydrogen and helium, ! 
far from that of air for methane, and consider! 
higher for the more readily condensable gos 
An approximation can be made in any ¢s 
interest by comparing the gas at pressure © 
different as practicable with the same stanc! 
and introducing a value of & that will giv 
With | 


exception of nitrogen, oxygen, and air, tli 


same result in the two comparisons. 


gas for which we have done this carefully is «a 
dioxide. 
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Figure 24.—Settings of computer for problem 8. 
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The measurement of water in carbon dioxide measuring apparatus serves as an a: \iligry 5 
is second in importance only to its measurement smoothing the flow. Only a moderate chang, i 
in aviator’s oxygen and for the same reason. — pressure can take place here without © soling y, 
The liquefied gas is widely used in emergencies detector enough to affect the reading, 
for fire fighting, for the operation of mechanical The effect on water-vapor pressure of (he dey. 
equipment in aircraft, and for the inflation of life tion of carbon dioxide from an ideal gas is py 
rafts. The discharge of carbon dioxide is accom- — greater than that of oxygen. The data of Wy, 
panied by a strong refrigerating action, and and Gaddy [4] give the compositions of the pha 
freeze-ups are of frequent occurrence and of pos- rich in carbon dioxide for the system wate 
sibly disastrous consequences in all the applica- — carbon dioxide. From the method of sampliy 
tions mentioned. it is evident that the measurements at 25° ( yyy 

In testing carbon dioxide with the electrical 31.04°C, and at 1, 25, and 50 atmospheres wer of 
indicator it was soon found that the cooling effect the vapor phase in equilibrium with liquid war; 
of expansion through the valves of the oxygen- The data reported may be represented for 25° ( 
testing apparatus was too great to permit satis- — by the equation 
factory operation. Accordingly an auxiliary 
heater was constructed, which is shown in section 
in figure 25. The sample for testing can be drawn and for 31.04° C by 


W=S(1 +.0.0089 P+0.000324 P®), 


2°x2" x3.5° BRASS 
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Figure 25.— Vaporizer used for carbon dioxide. 


either as gas from the top of the cylinder or as W=S(1+0.0136P + 0.000144 72"), 
liquid from the bottom. (The two methods of 

sampling should not and do not give the same — in which P is the pressure in atmospheres; |! » 
results except at or above the critical temperature the reported quantity of water vapor in unit \ 
of carbon dioxide, 88° F). In the heater, the ume of expanded gas; S is the quantity per Ww! 
first needle valve is nearly closed, and complete volume that would have been found in | 
vaporization of the liquid carbon dioxide is ex- expanded gas had (1) the quantity per unit voli! 
pected to take place there if it has not already — in the compressed gas been the same as tha! 
taken place. The rate of flow is principally regu- — equilibrium with liquid water in an others 
lated by this valve. The vapor is warmed enough — evacuated space, and had (2) the compressed & 
in the passages of the block to prevent it from expanded in exact accordance with Boyles 
reliquefying at the second valve, which serves The quantities in parentheses in these equat® 
chiefly to smooth out fluctuations of flow caused — will be referred to as the correction factors 
by irregular evaporation of the liquid at the first carbon dioxide. If pressures are expressed i! | 
valve. The first valve (C) of the regular water- —_ usual gage readings, the factors are 
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For 25° C (77° F) 1+ 0.000605P + 0.00000150P2. 


ioe For 31.04° C (87.99 F) 14+ 0.000925 P+ 0.00000067 P*. 
It is probable that the correction factor to be =. + + 2. 7 

* de via. ‘6 earbon dioxide containing the fairly 

S muet centage of water vapor represented by ™ [| 

 Wieb, aturation at 25° or 30° C will apply satisfactorily 150 

e Paw o still smaller percentages. 

Waller — 
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When we compare carbon dioxide with air con- 
aiping a known quaatity of water and make the 
aleulations with the computer for use with oxy- 
on. we automatically apply a correction for the 
essure of carbon dioxide as though it were air. 
+ we divide the total corrections to be made 
ecording to eq 6 and 7 by the correction intro- 
duced by the computer, we find the corrections to 
«applied to the results obtained with the aid of 
These corrections, for the two 
emperatures are as follows: 


w computer. 


For 25°C: 

We Wi + 0.0067 P+ 0.000305 P*). (8) 
For 31.04°C: 

W=W,1+0.0114P+0.000114 P*). (9) 


1, is the concentration of water found by using 
he computer only. 

The accuracy of the data from which these 
juations were derived and the accuracy of the 
sts themselves probably do not justify the some- 
hat laborious application of these equations in 
outline work nor even the use of different correc- 
ion factors for different temperatures within the 
vlinary range of temperature in the laboratory. 
lence, the simpler correction factor 


1 
1—0.0007 P, 


as selected empirically to be applied to results 
mputed with the oxygen calculator. If this 
ctor is used, the entire correction, including that 
iherent in the caleulator is 


I 
| —0.0007 P,) (1—0.00015P,) 


In figure 26 are plotted this correction factor, 
urve (and the correction factors from eq 6 and 
Curves Land B. It is evident that if eq 6 and 7 
re correct and if measurements are made at any 
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Figure 26.—Correction factors for water vapor in carbon 
dioxide. 


Curve Correction factor 


1+0.000605 P+-0.0000015 P2 
1+0.000925 P+-0.000000067 22 
1 


(1—0.00015 P) (1 —0.00070 P) 


temperature between 25° and 31° C and at pres- 
sures of carbon dioxide less than 450 psi, no error 
greater than about 1 to 5 percent of the water 
present can result from using the computer and 
multiplying the results by 


1 
1—0.0007 P, 


Measurements were made of the water vapor in 
gas from a commercial cylinder of carbon dioxide, 
for the purpose of determining the applicability 
of this correction formula, by comparing it with a 
cylinder of compressed air in which the water 
vapor had been measured (0.183 mg per liter). 
First the water vapor was determined by a com- 
parison made with the carbon dioxide at atmos- 
pheric pressure. The average of two determina- 
tions was 0.840 mg per liter. A curve was then 
plotted (fig. 27) showing the relation between 
pressures of air and carbon dioxide that would give 
this value if the results to be obtained in theory 
from the oxygen computer were multiplied by the 
factor 

] 
1—0.0007 P, 
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Ficure 27.—Effect of pressure of measurement on carbon- 


dioaide determination. 


Then a series of comparisons of air and carbon 
dioxide from the two cylinders was made at a 
temperature of 76° C and at different pressures. 
The points marked by circles on figure 27 show 
the results. The curve in this figure was plotted 
in advance, not drawn to represent the obser- 
vations. ‘The results of the series of observations 
are shown in detail in table 5. The last two 
columns were computed by the use of the correc- 
tion factor C. 

The trend of the results indicates an overcor- 
rection for the carbon dioxide if anything, but 
they are too scattered to make this certain. The 
results would not be appreciably improved by 
using the theoretical correction factor A (repre- 
sented by curve A of fig. 26) instead of C, which 
must be considered as satisfactory as anything 
available until a more accurate study is made. 


V. Applications and Results 
1. Compressed Gases 


The application of the method to the measure- 
ment of compressed gases has been sufficiently 
Here will be reported briefly some 
results obtained. In effect, others have been given 
already in figures 20 and 27. Figure 28 shows the 
results of seven electrical and three gravimetric 
tests of the same cylinder of oxygen. The 
change of water content of the discharged gas as 
the pressure in the cylinder decreases is typical 


described. 


of many cylinders that have been tested and is 
attributed to water adsorbed on the cylinder 
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TaBLe 5.—-Comparison of carbon dioride and Al differens 


pressures 
(Temperature, 76° F 


Ratio of 

water in W 

CO; to fo 
water in air 


Carbon di- Air pres- 
oxide pressure sure 


psig 
0 


17 


Or 
. & 


walls, mainly in the seale or rust that is always 
present to some extent. When the water vapor 
changes with pressure in this way, the larg 
samples needed for a gravimetric test gives tl 
average of a changing composition. A 
sample taken before a gravimetric sample near!) 
always shows less water, one taken afterward 
shows more water than the gravimetric test. 
During 3 or 4 years, approximately 100 cylinder 
were tested by both gravimetric and _ electric 
methods. In general the agreement was gov 
taking into account the changes of pressure durtg 
the gravimetric tests. Sometimes they were be! 
good, and a part of the disagreements ungqie~ 
tionably resulted from errors in the electrical met! 
od. Sometimes the fault may have been in tir 
gravimetric method, as shown by occasional irres 
lar results of gravimetric tests of the same cylinde! 
Approximately half a dozen cylinders persistent! 
showed differences between repeated gravimet! 
and electrical determinations that must |i 
represented some real effect. In each of the 
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PRESSURE IN CYLINDER-HUNDREDS OF PSI 
Fictre 28.—Water vapor in gas from a cylinder of com- 
pressed oxygen determined gravimetrically and elec- 


rivally 


———, (jravimetric test; ©, electrical test. 


cases the electrical test was low. The best expla- 
nition seems to be that something was taken out 
by the phosphorus pentoxide used in the gravi- 
metric method that affects the conductivity of 
phosphoric acid little or not at all. The source 
was probably the lute used to seal the threads of 
the eylinder valve. Sometimes this is shellac 
dissolved in aleohol, sometimes it is litharge and 
giveerin. Both glycerin and alcohol are held 
by phosphorus pentoxide, at least in part. The 
discrepancy between the results of different 
methods of test was never too great to be accounted 
for by saturation with the vapor of glycerin to 
say nothing of alcohol. 

That the thread-sealing compound could be a 
troublesome source of vapor was disclosed by 
experience with the cylinders sent from one com- 
pany by the Navy Department for checking, which 
repeatedly showed more than the amount of water 
permitted by specification, while those from other 
‘ompanies were generally under 20 percent of the 
limit specified. This seemed the more remarkable 
because the company having trouble apparently 
had the best practice in drying cylinders and filled 
them directly with oxygen from the liquid phase. 
After inquiry diselosed that cylinder valves were 
being sealed with a suspension of graphite in 
Water, no cylinder from that company failed to 
pass the specification readily. 
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In table 6 are shown the results of measurements 
of water in four cylinders of oxygen with an elec- 
trical apparatus and four frost-point instruments, 
which it was the purpose of the observations to 
test. The table shows the agreement obtained 
between successive electrical tests of the same 
sample as well as the agreement with frost-point 
instruments. 


TaBLe 6.—Comparative tests of compressed oxygen made 
with electrical and frost-point instruments 


(Tests made on different days are separated by a space) 





Water found with 


Electrical 
instru- : - 
ment I 9 


Frost-point instruments * number 


mg/liter mg/liter mg/liter mg/liter my liter 
0.024 
0. 022 022 
. 022 oO 
020 021 
022 022 
22 O17 
023 024 
020 020 
OS 
ODS 


O24 


022 


021 
021 0. 028 


ot 028 
O16 028 
O16 028 
O16 027 
O17 . 025 
O16 025 
Os . 025 
o24 025 
016 025 


O18 O28 
O16 028 
OS 027 
ow 026 
O17 026 
O18 027 
OLS 027 
og 025 


025 


ov 0. 022 
Om 22 
Os 020 

021 


0. 028 
023 
oly 





Tasie 6.—Comparative tests of compressed oxrypen made 
with electrical and frost-point instruments—Continued 


Water found with 


Electrical Frost-point instruments * number 
instru- 
ment 


CYLINDER B 


0. 065 0. 041 
063 . 050 
060 O48 
Onl 047 
O61 O46 
O61 O46 
O61 . 046 
O55 
OM 
OM 


CYLINDER C 


0.000 


CYLINDER D 


*In a frost-point apparatus, observations are always made with falling 
temperatures. If thermal distribution and measurement were always per- 
f-ct, the results should be a little low because of the lag between the formation 
of the first frost and its observation 


2. Freon 


The electrical method was used in a study of 
the distribution of water in a refrigerating system 
using Freon 12 (dichlorodifluoromethane) and 
of the action of driers within the system. The 
Freon used showed, in the original cylinder, a 
water content of about 0.008 mg per liter, much 
too low for direct comparison with gas from a 
saturator. Two cylinders of gas containing about 
0.05 mg and 0.003 mg per liter were used as 
secondary standards. 

The first question that arose was naturally the 
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deviation from ideality of the wate 
Freon. The moisture content and t} 
of the original material were much 00 Jow , 
determine this; but the use of the computer 


Vapor yy 
Pressiyy 


for water in oxygen gave results that were 4), 
same within the limit of error at all pressyp< 
Later the same thing was found to be try » 
samples of high water content drawn from ¢\ 
refrigerating system at a time when the compos. 
tion was changing very little if at all. It js yo 
to be supposed that the deviation is the say 
for Freon as for oxygen, but for the comparative) 
low pressures possible without condensing Fy) 
at ordinary temperatures the oxygen compuiw 
can be used with very little error. 

In testing Freon, either gas or liquid was sample 
at will (they did not have the same concentratin; 
of water, of course). In both cases it was nec. 
sary to make the expansion through a heat 
valve. The apparatus shown in figure 25 ws 
used as for carbon dioxide. 

The only difficulty encountered in the measur. 
ments was from the compressor oil, which js i 
solution in the Freon and came over as a fog the 
deposited on the detector, screening it from tly 
gas and eventually washing off the phosphor 
acid. Even this oil interfered with the tess 
much less than might have been expecty 
Apparently the first oil does not affect greatly ty 
action of the detector. 

No determination of water in the Freon was 
made by an independent method, hence there s 
nothing with which to compare the electrical 
measurements. However, the amount of wate 
dissolved in the Freon when the expansion valve 
froze was always in rough agreement with hi 
published solubility of ice in Freon at the temper 
ature of the experiment. 

Figure 29 shows two sets of measurements ¢/ 
water in the liquid freon in the pipe between th 
liquid receiver and the silica-gel dryer following 
the introduction of small quantities of water ite 
the receiver. The regularity of the curves ind- 
cates that changes of one part by weight of wate 
per million of Freon are readily followed « 
intervals of 1 minute or less. The step-lk 
breaks in the descending portions of the curv 
were suffitiently reproducible in numerous tes 
to establish their reality, and they were sal 
factorily explained by considering the mechanic 
system involved. 
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Typical series of measurements of water in 


Freon. 


3. Measurement of Relative Humidity 


A detector in the air follows monetary changes 
relative humidity with great rapidity. Ordi- 
wily there are large and constantly changing 
bal differences in the air of a laboratory. For 
thing, we respire roughly once a second and 
liver 100 to 200 ml of air saturated with 
boisture at 98° F, which becomes distributed at 
be rate and in the manner easily seen by watch- 
Perspiration is an 
ually important source of moisture, distributed 
regularly by our movements. The galvanom- 
r needle indicates these changes by shifting 
ea flag in a breeze. Because of this irregular 
ovement, it is usually a little hard to determine 
hat galvanometer reading represents the average 
imidity of the room. Once this is decided, the 
lector Is serewed into the cell, and gas from the 
lurator used to reproduce the previous galva- 
beter reading. Relative humidity is then com- 
ted as already described. 

The sources of error in relative humidity deter- 
tations are almost exclusively those involved 


a pull of tobacco smoke. 
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in uncertainty regarding the moisture content of 
gas from the saturator, which have already been 
discussed. An uncertainty of 1° C in the temper- 
ature of saturation amounts to an uncertainty 
of about 5 percent in relative humidity in the 
upper ranges. 

Relative humidities taken approximately daily 
in the laboratory during 1 month gave the fol- 
lowing average results in comparison with wet- 
and-dry bulb thermometers in the stream from 
an electric fan: 


Relative humidity 


Number of Saturator pres- 


tests eure Wet-and-dry 


Electrical bulb 


Individual results were somewhat scattered 
but not more so than could be reasonably ex- 
plained by uncertainties in the uncontrolled 
temperature of the saturator. 

There is little doubt that with careful control 
of the conditions of measurement the method will 
give excellent results for relative humidity. How- 
ever, the instrument is more elaborate than the 
psychrometers commonly employed, and would 
not give better results with the same attention. 

The electrical method is not recommended for 
ordinary psychrometry for these reasons, but it 
does have advantages of speed of response, of 
range of humidity measurable, and from the 
fact that it can be located in and will measure 
the humidity of small spaces with relatively little 
effect on that humidity and without the necessity 
of blowing the air over it. It is much easier to 
arrange for its use in places that are accessible 
with difficulty than either dew-point or wet-and- 
dry bulb instruments. It has already found 
some applications in which these characteristics 
are important and should find others. 

Figure 30 shows an arrangement that has been 
used at this Bureau for measuring water in small 
closed containers without disturbing their atmos- 
pheres. The detector is screwed into a flat disk, 
which forms one-half of a rotating slide valve. 
The other half is another disk through which a 
hole leads to the container. By rotating the 
upper disk, the detector is brought to the opening 
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Figure 30.—‘‘Valve”’ used to connect detector to a test- 


chamber. 


of the container, where it can reach equilibrium 
with the confined atmosphere; or it can be turned 
away and the container left sealed. The detector 
is then unscrewed from its plate, inserted into 
the cell of a regular instrument, and the reading 
it had when in communication with the test 
chamber is matched in the usual way. One merit 
of this arrangement is that with the duplication 
of only the flat valve, a single detector and measur- 
ing apparatus can be used with a number of con- 
tainers. 

A somewhat more elaborate apparatus was 
designed for another Government Department and 
was built and used by it with reported satisfac- 
tion. It is shown in figure 31; it differs from the 
previously described arrangement only in the 
presence of channels in the base plate of the slide 
valve through which a standard gas can be brought 
to the detector when the valve has been rotated 
to the position for comparison. In other words, 
the comparison cell is built into the valve head. 
If a very wide range of humidities is expected 
in the test chamber, an auxiliary screw to tighten 
the detector support over the comparison cell is 
supplied as shown. A channel around the port 
for the standard gas leading to the outside pre- 
vents the possibility that high pressure under a 
large area will unseat the valve plate and con- 
taminate the test chamber. 


4. Estimating Moisture in Powdered Solids 


By passing dry air at a steady rate through a 
powdered solid and thence through the measuring 
cell and recording at short intervals of time the 
electrical resistance of the detector, the amount 
of water removed from the solid can be estimated. 
Of course, any desired temperatures may be 
applied so long as the water driven off does not 
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Figure 31.—‘‘Valve” used to connect detector alterna: 


test chamber and to built-in “‘cell’’ for calibration 


condense on the way to the cell. The advantage fp, 
of the procedure are those of the method in ge 
eral, use of small samples, speed, sensitivity | 
very small quantities of water, independenc 

many (not all) other volatile substances tha 
would be involved in a measurement of Joss 

weight, and «ability to follow the course of tle 














drying operation. The principal application me ff 
of this procedure has been in determining (er 
relative dryness of samples of silica gel of a pr fio 












ticle size corresponding to about a 30-mesh sie 
The apparatus used in shown in figure 32. Th 
sample to be tested, usually about | g, was place 
in the thin-walled tube in an atmosphere of stew 
above vigorously boiling water and several mi 
utes were allowed for the solid to reach s 
temperature. Then a brisk flow of dry air 
started through the solid, and the resistanee 
the detector observed. The moist air in the 
nections always caused a momentary sharp (" 
of resistance of the detector, but a steady ress 
ance was quickly attained and remained alm 
constant for several minutes, then quickly bm 
to nearly the resistance corresponding to “™ 
moisture content of the incoming gas. Expt 
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Arrangement used to test moisture content of 


powdered solids. 


vent showed that the moisture content of the 
is leaving the gel during the period of constancy 
as nearly independent of the rate of flow, of 
i¢ amount of solid, and of the moisture content 
{ the entering gas, which could be either higher 
r lower than that of outflowing gas. In other 
ords, the greater part of the gel had a character- 
tie water-vapor pressure, and the air entering 
ame to equilibrium with this so rapidly that the 
stem behaved almost as though a plug of air 
h equilibrium with the sample were pushed 


long between the initial and final portions of 


¢ flow. Different treatments of the gel resulted 
h products having vapor pressures at 100° C 
vm about 0.1 to 20 mm of Hg. A few compari- 
is with gravimetric tests made by drying the 
| at much higher temperatures showed fairly 
ol correlation. The need for the test was 
ded before comparisons could be made between 
Plerminations of moisture by weighing and by 
tegrating the product of rate of flow and mois- 
re content of the air passed through the 
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material. The work done on this subject therefore 
demonstrated merely that observations can be 
made in a few minutes that will show approxi- 
mately the condition of such a drying material, 
once the observer has learned to interpret the 
results. 

An alternative method for determining adsorbed 
or capillary moisture on solids, which should be a 
better one in many cases, is to shake up the solid 
with an organic liquid, and to determine the water 
in the resulting solution by the method described 
in the second section, V, 6. 


5. Testing the Capacity of Drying Agents 


On a larger scale, the drying capacity of several 
reagents at normal atmospheric pressure and at 
1,650 psi were measured at various rates of flow 
by saturating the gas, passing it through about 2 
feet of %-in. iron pipe filled with the dryer, 
measuring the moisture at the outlet at the pres- 
sure of experiment, usually in a small flow through 
a by-pass, and finally measuring the volume of 
the whole stream at atmospheric pressure with a 
gas meter. 

Figure 33 shows a typical curve, in this case for 
silica gel previously dried at 165° F when satu- 
rated air is passed into it at about 80° F (27° C) 
at the rate of 20 times the volume of the desiccant 
per minute. Under these conditions the desiccant 
dries the air to about 0.1 mg per liter (a relative 
humidity of about 0.03 percent) for approximately 
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Figure 33.— Adsorption of water by silica-gel. 





adsorbed water is about 10 percent of the weight 
of liquid water that would fill the space occupied 
by the desiccant. A point of interest is the inter- 
ruption of the test after the break-point of the 
curve had been reached, and its continuance | 
week later. The purpose of this interruption was 
to see whether the drying power of the nearly 
exhausted desiccant would be significantly in- 
creased by permitting the water adsorbed by the 
surface layers of the pieces of solid (sereen-size, 
6 to 16 meshes per inch) to diffuse to the interior 
of the lumps. 


6. Water Content of Organic Liquids 


It is certain that at a definite temperature the 
water content of a liquid of otherwise constant 
composition will bear a definite relation to the 
water content of the air with which it will come to 
equilibrium. If we know from past experience 
what this relation is and have a means for quickly 
measuring the moisture content of the air, this can 
also be used to determine the amount of water in 
the liquid. With this certainty in view, some 
experiments were made to find whether it is 
practicable to determine water in organic liquids 
by exposing the electrical detector to the atmos- 
phere above them. 

The first tests were made by the simple pro- 
cedure of removing the stopper from a reagent 
bottle, such as ether, and thrusting the detector 
on the end of its electrical connections nearly 
to the surface of the liquid. Irregular results 
were obtained that were made worse by shaking 
the bottle before the tests or swirling the liquid 
with the detector in place. The least possible 
disturbance of the atmosphere led to the best 
results. It appears that there is enough inter- 
change of air between the inside and outside of 
the bottle to affect appreciably the moisture con- 
tent of the air over the liquid, and it takes a sur- 
prisingly long time for saturation to be complete 
after fresh air has been introduced. This, no 
doubt, is because the atmospheres above the 
liquids tested contained enough of their own 
vapors to make them heavier than the unsaturated 
air in the top of the bottle, so that diffusion had to 
be relied on to restore equilibrium. If we try to 
hasten the result by producing convection, we 
merely introduce more air from the outside, unless 
the closure around the electrical leads is tight. 
It seems quite possible that in some cases the 
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amount of outside air that gets into the bottle mo, 
change the amount of water in the si rface |g... 
of liquid enough to affect the result noticeably 
The device shown in figure 34 was constr, 
to minimize some of these difficulties. A spring 
clip was attached to the detector of such {oy 
that a glass tube could be quickly attachod to coy. 
the detector. This tube had a small opening} 
the bottom and made a snug but not airtigh; § 
with the detector plug. When the detector yy) 
this attachment is dipped into a bottle of jigy, 
to be tested, the glass cell fills with liquid {py 
well below the surface at a rate that forces y 
from the cell past the detector under slight posit 
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Figure 34.—Arrangement used in testing waler tay 
equilibrium with a liquid. 
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1 detector is lowered until the de- 


— pasture 
: "ts — s e is only a few millimeters above the 
ably quid su _ and left there; or it may be raised 
eerie nee to | the nearly saturated air in the bottle 
L spring ntside (cell sweep it out, then again lowered 
h fat to plac The resistance of the detector is fol- 
to cone flowed. | changes rapidly at first, but soon reaches 
ning » practical constancy when the small volume of 
tight sidual air becomes saturated, Since this volume 
or wid almost isolated from the surrounding atmos- 
f ligu Mpbere, which is itself fairly near to equilibrium 
id frog ith the liquid, there is very little disturbance by 
rees a lifusion from the outside. Two or three minutes 
mesitn sually suffices to obtain a steady reading, and 


yeeessive tests are reproducible. 
As many clean, dry glass tubes as will be needed 
or all the tests to be made in rapid succession 
hould be provided so that one liquid will not be 
wtaminated with another and there will be no 
iterchange of water between the liquid to be 
ested and any film on the wall of the tube. The 
wthod has been tried in a preliminary way with 
everal liquids, including ether, petroleum hydro- 
urbons, carbon disulfide, carbon tetrachloride, and 
enzene, the vapors of which are believed not to 
fect the reading appreciably, and with alochol, 
he vapor of which does affect the apparent water 
ontent markedly. Only ether and alcohol will be 


had. 


Hiscussed. 

Figure 35 shows results obtained with ethyl 
ther, the water content of which had been deter- 
ined by Stanley Clabaugh by an independent 
To this ether measured quantities of 
yater were added. The data obtained are plotted 
oth on a linear scale to show adequately the 
upper part of the humidity curve and on a loga- 
ithmic seale to show the lower part. The method 
hould be capable of measuring with speed and 
precision very small amounts of water in such a 
iquid as ether. It can probably be used to deter- 
une the water in things that dissolve in ether, 
wh as fats or cellulose derivatives, by testing 
heir solutions. 


wthod. 

















Alcohol presents complications. In an atmos- 
here saturated with the vapor of alcohol, believed 
rom other tests to be practical water-free, the 
letector had a conductivity equal to that in air of 
bout 11-percent relative humidity. According to 
veorded data, aleohol in equilibrium with an 
(mosphere of 11-percent relative humidity should 
ontain about 2 percent of water. Small additions 
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WATER IN ETHER - PERCENT BY WEIGHT- LOGARITHMIC SCALE 
Figure 35.—Relative humiaity above ether. 
of water increase the conductivity of the gas above 
absolute aleohol by very nearly the amount they 
would be expected to increase that above 98 per- 
cent alcohol, if the aleohol vapor itself had no 
effect. The experiments made were of the sketch- 
iest kind. Results are shown in figure 36, in which 
are represented the relative humidities of atmos- 
pheres in equilibrium with alcohol containing 
water at 20° and 40° C [5] and the apparent rela- 
tive humidity of atmospheres above alcohol at 
28° C. The points representing the observed data 
have been shifted to the left by 2 percent, where 
they are shown by the solid dots. This entire 
subject merits further investigation when better 
facilities, particularly a better saturator, are avail- 
able. The electrical method will probably be of 
little use in determining the dryness of otherwise 
pure alcohol, because other methods that are quick 
and easy are available, but it gives promise of 
usefulness in the case of solutions of other things 
in alcohol that would interfere with the simple 
determination of water by other methods. It is 
desirable to express moisture content in terms of 
relative humidity in this case, because this ratio 
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Figure 36.— Apparent relative humidity above alcohol. 


©, Observed results at 28° C; @, observed results minus 2 percent of alcoho’. 


changes relatively little with changing tempera- 
ture. The method should have the merit of speed, 
applicability to small samples, and a fair degree of 
independence of the presence of other volatile 
substances, although the alcohols will cause some 
interference. 


7. Permeability of Membranes to Water 


The permeability to water vapor of protective 
films or membranes used in packaging materials 
for shipment and storage is a matter of consider- 
able importance. For a closely related problem, 
the permeability of ballon fabrics to hydrogen 
and helium, the Shakespear Permeameter [6] has 
been extensively used. In the Permeameter, the 
fabric or membrane to be tested is clamped be- 
tween the two halves of a permeability cell, one- 
half of which is suddenly swept out with the gas, 
e. g., hydrogen, for which permeability is to be 
determined. The rate at which hydrogen builds 
up in the other side of the cell is then measured by 
a physical method, in the Permeameter by thermal 
conductivity. A comparison of the time required 
for the concentration to change between two pre- 
selected values is taken as a measure of the 
permeability. Because of its speed and con- 
venience, the use of the Permeameter has almost 
superseded in practical use methods that give 
more direct but more delayed results. 

It seemed probable that a similar method of 
comparing intervals of relative humidity by tim- 
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ing would be applicable to measuring perme), 
ities to water vapor with the aid of t!» electricg 
detector. The arrangement used is showy 
figure 37. The vapor barrier is clarnped oy. 
the top of what is, in effect, a dish of wy. 
Above the barrier is a space, arbitrarily ¢hos, 
as 1 inch, at the top of which is the detector. This 
space is connected through valves to « supply y 
dry air and to the outer atmosphere. Befy, 
inserting the detector, its resistance is determina) 
in the usual way at a relative humidity of x 
percent. It is then inserted in the space aboy, 
the vapor barrier, and the space is swept out wi) 
a brisk stream of dried air for 1 minute. Ty 
the valves are closed and the time is recon» 
until the resistance of the detector indicates 
relative humidity in the space of just 25 perce 
The definite duration of sweeping out with dy 
gas is for the purpose of producing reproduc: 
though arbitrary conditions of the moisty 
gradient in the membrane itself. 

Table 7 shows the results of testing 15 differ 
membranes by this method. The observation 
were made by Jean Doyle. Tests in any hor- 
zontal row are duplicates on the same piec 
membrane and show the agreement betwee 
tests that should have given the same resi 
The tests were only preliminary and were hasti) 
made without temperature control. Probab) 
& more important factor in the variability | 
results is the failure to establish a regular grad: 
of dissolved moisture through the barrier bel 
beginning the timing. Probably because of ths 
failure, thick films show excessively greater res» 
tance to the passage of moisture than do thin fila 
of the same material. Considering the probabilit 
that the method can be greatly improved with: 
little attention to details, it is apparent that : 
quick method for getting at least approxi! 
results is available. 

One characteristic of the method that may! 
of value in some cases is the possibility of appiyia 
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Ficure 37.—Cell for testing permeability of vapor- 
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r membrane had been exposed to saturated atmosphere overnight. 


25-percent saturation in 4 hours. 


t to very small samples. Although account 
vould have to be taken of the water combined 
vith the phosphoric acid on the detector, it seems 
ntirely possible that a satisfactory test could 
« made on an area of membrane equal only to 
hat of the end of the detector, a few square 


nillimeters, and that it could be done with nearly 
ie same speed and accuracy as the testing of a 


arge sample. 

The sample of Saran was so slow in responding 
0 the previously used test that it was decided 
» vary the method by observing the relative 
jumidity reached in a given time after sweeping 
ut with dry air. The time chosen was 1 hour, 
ud three tests were made. They showed close 
greement at about 10-percent relative humidity. 
For membranes of high permeability another 
nethod is available, which is to sweep dry air 
ver the surface of the water barrier at a measured 
ute and to determine the amount of water in the 
tram in the usual way. This method is slower 
han the one experimented with, but the results 
hould be easier to interpret in comparison with 
hose obtaimed by the usual procedure of collecting 
nd weighing the water in solid desiccants. 


8. Gas Detection 


One purpose for which the method has been 
used from time to time since its first description 
[1] is the detection of oxygen in a combustible 
gas or of a combustible gas in oxygen or air. The 
method is obvious: the gas is thoroughly dried 
then passed over a heated filament or catalyst 
and thence over a detector. Since almost all 
fuel gases, including the explosive gases of mines, 
contain either free or combined hydrogen, water 
is formed wherever combustion takes place, and 
it can be detected and measured if desired when 
the amount present is only a minute fraction 
of that which could cause explosion. The prompt- 
ness of the reaction suggests its possible use as a 
leak detector. The sensitivity would be high; 
if combustion were complete methane, for example, 
would provide two volumes of water vapor per 
volume of gas and should be detectable without 
difficulty in a concentration of 0.001 percent 
even at atmospheric pressure. Oxygen in hydro- 
gen also gives two volumes for one. In a hydro- 
carbon it will give less, because some of it will go 
to carbon monoxide, and for this reason the amount 
of oxygen present may be hard to determine 





accurately. However, under any conditions of 
combustion enough water should be formed to 
make the method a sensitive one for detection. 

The use of combustion in connection with that 
of a permeability cell offers So obvious a method 
for measuring permeability to oxygen, to hydrogen, 
or to a variety of hydrogen compounds, that it 
need be no more than mentioned. 
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ectric Quadrupole Coupling of the Nuclear Spin 
With the Rotation of a Polar Diatomic Molecule 
in an External Electric Field’ 


By U. Fano 


Formulas are given that serve to determine the hyperfine spectrum of a rotating molecule 


in various cases, depending on the external field strength and on the rotational quantum 


number. 


has a quadrupole moment, the molecule is in a rotational state (1: 


A complete calculation is carried out for a case in which only one of the nuclei 


+1 or 0), and the inter- 


action between the field and the molecular dipole is comparable to that between the dipole 


and the nuclear spin. 


I. Introduction 


The rotation of a polar diatomic molecule in an 
tric field has been discussed theoretically by 
rious authors, particularly by Brouwer {1].? 
perimentally, this problem is being investigated 
Columbia University using a modification of 
»standard molecular beam radio-frequency reso- 
ive method [2], in which the beam is subjected to 
pctric instead of magnetic fields [3]. The method 
rmits the energy differences between rotational 
nies of the molecule to be measured. Various 
in-dependent interactions between the nuclei 
(1 the rest of the molecule may give rise to a 
perfine structure of the rotational spectrum. 
electric quadrupole interaction between the 
clei and the molecular electrons, if present at 
,i* likely to be the major factor in this connec- 
nand is the subject of the present theoretical 
estigation. 
Molecular rotation. The qualitative aspects of 
lecular rotation in an electric field will be 
iewed here, disregarding the effects that give 
to a hyperfine spectrum. The electronic 
tem of the molecule is assumed to be in a 'S 
e, 80 that it has no net angular momentum. 
‘rotation of the molecule is then similar to 
tt of a dumbbell whose two spheres (the two 
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atoms) carry charges of opposite sign. Several 
cases may be considered: 

(a) The electric field is so strong that the poten- 
tial energy of the molecule, when oriented along 
the field, is much greater than its rotational kinetic 
energy. Then the molecule remains oriented 
along the field, except for minor oscillations about 
this position. This case is unrealistic, however, 
as no sufficiently strong field is currently available. 

(b) The field is vanishingly weak, so that the 
molecule rotates freely about its center of mass 
with a constant, quantized, angular momentum. 
The component of this angular momentum along 
the field is then also constant and quantized. 
The positively charged part of the molecule points 
in the direction of the field about as frequently as 
in the opposite direction. Thus the molecular 
electric moment averages out, and the presence 
of the field has no effect on the rotational energy 
levels. 

(c) The field is moderately weak. The rotation 
is now appreciably perturbed by the field, and the 
molecular electric moment no longer averages out; 
an electric polarization is thus induced and each 
rotational energy level is accordingly lowered by 
an amount equal to a polarization coefficient times 
the square of the electric field. When the rotation 
has primarily the character of a precession (clock- 
wise or counterclockwise) around the direction of 
the field, the effect of the field is to force the 
positively charged part of the molecule to lean in 
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the direction of the field, and so induces a positive 
polarization. An opposite effect occurs, however, 
when the rotation brings the positively charged 
part alternately close to the direction of the field 
(downhill), and then away from it in the opposite 
direction (uphill); the positive charge moves 
rapidly while it is downhill and spends little time 
there, but it lags in the uphill position, and on the 
average it will spend more time uphill, giving rise 
to a negative polarization. 

(d) The field is intermediate or moderately 
strong. The rotation is perturbed by the field to 
a greater and greater extent. As the field in- 
creases, the positively charged part of the molecule 
is foreed to lean in the direction of the field, 
whatever the type of rotation may be, and the 
polarization is always positive. 

The quantitative treatment of cases (a), (b), 
and (c¢) is simple, but in case (d), which obtains 
most frequently, the energy levels cannot be 
given in general as analytic functions of the electric 
field. In work as yet unpublished, W. E. Lamb, 
Jr., has developed a convenient method for the 
numerical computation of the terms for any value 
of the field strength. The rotational wave 
equation is 


[—\f?/2A)A—LE cos 02—W] (Or, ¢g)=9, (1) 


where the electric field, EB, is taken as a polar axis, 
(9p, eg) are polar coordinates of a vector R joining 
the nuclei, / is the dipole moment of the molecule 
A its moment of inertia, A the two-dimensional 
Laplace operator (in the coordinates d,, gg), and 
W the energy eigenvalue. The first term in 
brackets represents the kinetie energy of rotation; 
the second represents the potential energy of the 
dipole in the electric field. A dimensionless form 
is obtained by dividing the equation by (—f®/2.A): 


(A+ a cos de+w)y=—0, (la) 


where a=/F/(#/2A) is a numerical index of the 
field strength and w= W/(i®/2A). The eigenfune- 
tions can be labeled by means of two quantum 
numbers n and m; m is the magnetic quantum 
number, which indicates the rate and the direction 
of the precession of the molecule around the 
electric field; n— m is the number of nodal lines, 
which characterizes the component of the motion 
along the meridians of the polar coordinates. The 
eigenvalues are functions of a. For all values of 
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a, We have Wy, m=Wy—m, as the energy: does yo; 
depend on the direction of the precesion. For 
a=0, the results are familiar, namely, ». 
n(n+1), ve, m is a spherical harmonic, » 
azimuthal quantum number that mes 
total angular momentum. For e<1, case (¢), y 
perturbation calculation gives w,,.~n(n+| 
a? [(n+m) (n—m)/2n (2n—1) (2n+1) LBbe 
(n+ 1—m)/2(n+1) (2n+1) (2n+3)]; as expected, 
the coefficient of a is positive for min ~1 (fyy 
precession), negative for |m/n|<1. 

(uadrupole interaction —The electrical charge 
distribution of a nucleus having a quadrupole 
moment resembles an ellipsoid of rotation rathor 
than a sphere (the direction of the nuclear spin 
being the axis of symmetry of the ellipsoid). The 
value and sign of the quadrupole moment indicat; 
the elongation of the ellipsoid. As the charg 
distribution of a diatomic molecule is not spheri 
cally symmetrical about any of its nuclei, th 
electrostatic energy of the nucleus within the 
molecule will depend upon the orientation of the 
nuclear spin with respect to the axis of symmetry 
of the molecule (i. e., the line joining the nucle) 
If the spin be directed along the axis and the 
swung into the opposite direction and back int 
the initial one, the interaction energy will » 
through two maxima and fwo minima. 

In the absence of this quadrupole interactioi 
and of magnetic interaction, the nuclear spin 
would maintain a constant orientation in spa 
while the polar molecule rotates in an_ electri 
field, and the orientation of each nuclear spi 
with respect to the axis of the rotating moleculd 
would undergo periodic variations. In the pres 
ence of a quadrupole moment there will then ! 
periodic variations of the interaction, and hene¢ 
torques that affect both the rotation of the mol 
cule and the orientation of the nuclear spins. Th 
effect will be particularly conspicuous in case |! 
described above, as the orientation of the angula 
momentum of the molecular rotation can then 
shifted by a torque without performing any work 
This angular momentum will then precess free!) 
together with the nuclear spins, and only the tot 
angular momentum, i. e., the vector sum of th 
molecular momentum and of the nuclear spi! 
will remain constant. When, on the other han’ 
considerable work must be performed ‘o Up» 
the molecular rotation, the quadrupole 1‘ eractie" 
will have no significant effect on the motion of tht 
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molecular ( nstituents; the energy of the system 
yill then saply inelude a contribution from the 
quadrupole interactions a veraged over the varying 
orientation of the spins with respect to the mole- 
ular axis. This contribution will depend on the 
tate of rotational motion of the molecule and on 
the (constant) orientation of the nuclear spins 
with respect to the electric field. This situation 
prevails ge nerally in cases (a) and (d) described 
above, i. e., for moderately to very strong fields; 
from this standpoint, case (c) represents an 
intermediate situation. 

It should still be considered that no work is 
over required for the simple operation of reversing 
the direction of the precession of the molecule 
around the electric field, provided the speed of 
precession is unchanged. Owing to the quadrupole 
interaction, and for any electric field strength, the 
uniform precession might therefore conceivably 
ie turned into a precession whose direction is 
periodically reversed; the conservation of angular 
momentum would be preserved by corresponding 
variations of the precession of the nuclear spins. 
Quantum mechanically, there would thus be 
“standing waves of precession,” the number of 
nodes of the standing wave depending on the 
speed of precession. However, it will be shown 
further below that only the standing wave with 
try nodes actually arises in this way. This is a 
direct consequence of the particular dependence 
of the quadrupole interaction upon the mutual 
orientation of the molecule and of the nuclear 
sin; as already stated this interaction goes 
through fwo maxima and minima when a cyclic 
change of orientation is performed. 

The quantitative treatment of our problem 
will accordingly proceed as follows. As shown by 
Casimir, [4], the interaction energy between a 
tuclear quadrupole moment and the electronic 
charge of an atom or molecule is of the order of 
rv 4 ig and Q are the usual symbols for a 
molecular and a nuclear constant whose product 
<1 oem '). Hence, taking into account the 
possible values of the pertinent constants, it 
assume for the dimensionless 


sems safe to 


parameter characterizing this interaction: 
B| = \e?gQ/4(h?/2.A)|<107?. (2) 


This value must be related to the fact that, in gen- 
cr, the separation of different unperturbed rota- 
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tional levels of the molecule is* |wy:m¢—Wam!>1. 
Therefore, in general, the quadrupole interaction 
can be treated as a small perturbation of each 
rotational term, and each term will preserve its 
quantum numbers n,m. This procedure will not 
be adequate in the cases discussed above, in which 
the quadrupole interaction has a great effect on 
the rotation of the molecule, namely, for states 
(n, m) which are directly coupled by the quad- 
rupole interaction to other states (n’, m’) such 
that [Wyrm —Wam <'8\. Direct quadrupole cou- 
pling means that the quadrupole interaction energy 
Hg has a matrix element (n’m’\Ho\nm)#40; this 
occurs Only when |m—m’|=2, as it will be shown 
in the next section. These two conditions can be 
fulfilled simultaneously in two cases only: 

(1) n=n’>0, m=—m'=+1 (all values of a), 
in which the molecule precesses back and forth, 
i. e., clock- and counterclockwise; 

(2) n=n’>0, o&’< |B) (\m—m’ =2), in which the 

~ 
field is weak and the rotation is strongly perturbed. 

The latter case becomes simpler when a?<| 8} or 
even a’=0. In fact, the zero-field case involves 
a simple vector coupling of the rotational angular 
momentum J (J=n) with the nuclear spins J, 
and J,. In the case of near-zero-field, this vector 
coupling is preserved and the effect of the electric 
field can be treated as a small perturbation, some- 
what analogous to the anomalous Zeeman effect 
produced by a weak magnetic field. 

The general expression for the quadrupole 
interaction matrix is given in the next section; the 
application to the different cases will then follow. 


II. Matrix Elements of Quadrupole Inter- 
action Between Molecular Rotation and 
a Spinning Nucleus 


(a) The electrostatic interaction —e?/|r—p), 
between a nuclear proton at a position p with 
respect to the center of the nucleus and a molecular 
electron at a position r with respect to the same 
center, can be expanded into a series of Legendre 
spherical functions of the angle y,p between the 
vectors r and p. The first term of this series 





! The magnetic spin-spin interaction between the nuclei and the inter- 
action between the nuclear magnetic moments and the rotation-induced 
magnetic moment of the molecule are generally weaker than the electric 
quadrupole interaction; in our scale they may be characterized by a parameter 
a<lo-$. These interactions will be disregarded in the following therefore 
we must assume 


inl << |p!< 16-2, B2~0. 
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represents the Coulomb attraction of the electron 
toward the center of the nucleus, the second term 
has no average effect, and the third, namely: 


He e*(p*/r°) P2(cos Ypr) 
eee , 1 ‘ 
e*(p*/r’) (3 COS* Ypr— >) (3) 


is called the quadrupole component of the inter- 
action. This component must be integrated over 
the density of protons throughout the nucleus 
end the density of electrons throughout the 
molecule. The integration over the electron 
density is carried out in polar coordinates having 
as axis a vector R from the center of the molecule 
to the center of the nucleus. Using the addition 
theorem of spherical harmonics and taking into 
account the fact that the S-type electronic state 
has axial symmetry, we find: 


((1/r°) P2(cos pr) r= 
((1/r*) P. (cos yrr))rP2(cos YRp); 


where the symbol (), indicates integration 
with respect to the electron density. The first 
factor on the right-hand side is a molecular char- 
acteristic which is indicated [4] by q/2. Using 
again the addition theorem of spherical harmonics, 


P,(cos yrp) = 
(40/5)2,(—1)*¥2,-.(8p, op) Yo. .(On, on), 
we have, 
(Hg)r 
(—e*q/2)2,(—1)4[p?(44/5)'?¥ 9, _, (8p, vp)] 
<[(42/5)'?Y,. (Or, or)). (3a) 


(The normalization of the spherical harmonics is 
such that ff| ¥1,, |?sinddddg=1,Y7,=(— 1" Vi, _,. 

(b) All the matrix elements of the first factor in 
square brackets, i. e., the integrals of this factor 
over the proton density, associated with pairs of 
nuclear states with the same spin J and magnetic 
quantum numbers m,, m,’, can be given in terms 
of just one such matrix element. Thus: 


(m,’|p?(49/5)'? V2, _, (8p, gp) |my) = 


(T\p?(42/5)'7 V2, 6 (dp, ¢p)\1) (Dim: Dib my". my—ne 


The first factor on the right-hand side is a nuclear 
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characteristic which is indicated [4] as (2 (| 


half of the quadrupole moment). In to formyl 
5; ,»=1 or 0, depending on whether i— & or jy; 
The coefficients Dir’ may be found by means oj 
group theory,’ and are given in table |. 4, 
Di = —1(21—1)/(21—1)(27+3) we tak 


d(j 


y=’ — — (23—1)(27+-3)D’: 


the coefficients d are given in table 2. Thus 


(m,;—u\p?(49/5)'? V2, (8p, gp)\m, 


mi—~/9T(9 T— 

Qd(1)™—+*/21(21—1). j 

TABLE 1.—Coefficients D} = for: j’—j=0, +2 
m’—m=0, +1, +2.¢ 

D)-™ = —[3m?—j(j+1)]/(2j—1) (2j+3) 

Di 3" =(2m+1)[(3/2) G+m+1)(j—m)|' 2 

Diet? = —[(3/2) j+m+2)(j+m+1)(j—m) (j—m—1))}2/(2j)— 1) (2+ 


i 


Di? = (3/2)[(j+m+2)(j+m+1) (j—m+2)j—m+1)/(2j+1)(2)4 


i” 


(2j+5)]'2 


DIE tl = [(3/2) G+ m+3) (j+m+2)j+m+1 ('—m+1)/(2)4+ 12 


(2j+5)}'2 


Dit. 1? =[ (3/8) j+m+4) j+m+3) (j4 m+2)(j+m+1)/ (241) (2j+ 


(2j+5)]'2 


* All other coefficients are obtained by means of the formulas 


ro 


TABLE 2. 


»=(-1)9-* Di", Dio" = Dis 


Coefficients d(j)m = — (2j—1)(2j+3)D* 


+2 * ;? 
dm ** =[(3/2) j+m+2)(j+m+1)(j—m)(j—m—1)) 


d™*! = —(2m+1)|(3/2)(j+m+1)(j—m)|'" 

d™ =3m'?—j(j+1) 

d™~' = (2m—1)[(3/2)(j—m+1)(j+m)]'"=d_™" 

d™~* =1(3/2)(j—m+2)(j—m+1)(j+m)(j+m—-1)|'"=d-2 


(c) The matrix elements of the factor « ty 
second bracket of eq 3a, pertaining to the rotation 
states of the molecule (n, m) and (n’, m’) Is the 


average of this factor over the probability distr- 


bution ¥*. ,%,., and can be indicated as 


‘ These coefficients are closely related to those indicated by F 


Gruppentheorie (Vieweg, Braunschweig 1931), p. 206,asS/).. F 


W \cnet 


integer Di = (44/5) "2S LY*;: -m(Og) Yo, m'-m(0, g) Yj mide sinddils 


formula given means essentially that the ratio of matr lemer 


different values of (m;, mz’) is the same as though the angular de ™ 
tion of the proton density in each nuclear state (/, m;) wert 


leseribe 


the spherical harmonic Y;, =, (suitably generalized for hal! ger ! 
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=R*: = Om’, m+u- 


the rotational wave functions Wp, m 


Expand) 
al harmonics: 


mto sphe 

tn. mG, P)=TICF "Ys, m(9, @), 

where the coefficients C3" depend on the parameter 
a. we hav: 

Re = 2,2" Crt + DIZ Cy + 

Di-2*“Co=)c>’. (5a) 


For n (which is the only case 
involved in a first-order perturbation), we have: 


, , 
nm, m=m 


ge Rin, m) (3 2)(cos*é)rp—1 4 


There is also a simpler form for 


Rv; '= S(n) = (3/8)'*(sin*é p). 
The coeflicients R must be obtained by numeri- 
eal computation except when @ is very large or 


verv small. For al: 


(3"=é,,+ a6,.,7f(n, n+1)+terms in oe’, etc., [1] 


where f is a function of nm and n+1; hence eq 5a 


Dre +-terms in a’, ete, 


For a>, Wem ~O, except for Ip<l (i. e., the 
molecule points approximately in the direction of 


the field). Henee, according to eq 5, lim Rx" = 


a=@ 
i, bnm. However, the convergence to this limit 
For example, R(n, m) can be expanded 
l/ 


is slow, 


in powers of a~'” as follows: 


1—3(2n—m-+1)(2a)—'?+ terms in am, ete. 

d) Combining eq 3a, 4, and 5, the matrix 
clement of HH, pertaining to states with the same 
total magnetic quantum number .=m;+m- 
my~m', is found to be 
n’,m’ Ion, m) 


eqQ4)(— 1)" "Red (Dg-™ /I(2I—1)= 


W?/2A)(—1)"-™" BR 2'd(I)¥-2, (6) 
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tm l(4 '2Y, (Or, or)|n, m)=(44/5)'?S Sve. we Oner) Y, 4 (Ox, £2)Vr.m(Or, ox) SIN OndOxd¢ . (5) 


where 
B’ = B/1(2T—1) =[e*qQ/41 (27 --1)] (h?/2A). 
III. The General Case: a?>'8|,'m +1 


Here it is sufficient to treat the quadrupole 
coupling as a first order perturbation of each 
rotational term. 

Only one of the nuclei has a quadrupole moment.- 
Each term of the complete system is characterized 
by the three quantum numbers n, m, and 
m,;=M—m. The term energy is then given, to 
the first order in 8, by the sum of the rotational 
term and of the matrix element (6) with n=n’ 
and m=m’: 


Ws .e sme 


(h?/2.A) [wy m— B’d (DIRE e 
(1? /2A){ wy, m— B’[3m? — (1 +-1)|R(n,m) } = 
W,, m my Wi. m.my Wa. m,—my- (7) 


Each rotational energy level of energy w, )», splits 
thus, in this approximation, into 7+} levels if J 
is a half-integer, into 7+1 levels if J is an integer. 
The absolute values of the intervals between the 
levels of such a multiplet are functions of the 
electric field (through R), but their ratios are 
independent of it. 

Both nuclei have a quadrupole moment.—Each 
term is now characterized by four quantum num- 
bers n, m, The term energy is, again to 
the first order in 8: 


Mr, Myo. 


W,, - Mm, « My. * Myz2 


8, (3m7?,—1,(,4+ 1) |R(n,m)- 


(h?/2.A){ Wy m- 


8) (3m3,—1,(1,+ 1)|R(n,m) } (8) 


IV. The Special Case: a®> 8, m =1 


Only one of the nuclei has a quadrupole moment.— 
The energy of terms with m=1, m;=(/—1) or J, 
M-=I or (J+1), or with m-: -—(J—1) 
or —1, M=—1I or —(/ +1), is still given by eq 7. 


om a my 
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For other terms, with |4/\<J, m is no longer a 
good quantum number, but |m| is. The term 
energy ¢(/?/2A) is then obtained, to the first order 
in 8, by solving the secular equation, 


€- W, i wy | (he? 2A) W1.- w/(R?/2A) 


Wat (n,lHen,l)—e  (n,1|Hein,—1) 
(n,—1\ He|n,1) 


with R(n,1)=R(n,—1), wy y= Wa. 


We .171 (n,—1) He'\n, ] —€ 


Its solution js 


W», — B’R(n,1){3(MP4- 1) —T(7+-1) + 


(3/2) 7+ M) 1+ M-+ 1) 7—M) I— M+ 1) S(n)?/R(n,1)?+ 36M} }. 


The original w,, rotational level is thus split into 
2/+-1 different levels, if J a half integer, and into 
2(/+-1), if J is an integer. 

Both nuclei have a quadrupole moment.— This 
case is similar to the preceding one, but more com- 
plicated. There are three levels with total mag- 
netic quantum number |.M|=J,+J/, or 7,+-/,+1, 
for which the energy can be calculated by means 
of eq 8. These energies are indicated by the 
following symbols: 


Wrawyty Wa.-1.-1).-t9' 


Wray = Waa, Ty .-Igtls 


Wray 1 fy W a.-s. Nyt+l.-ly 
For each group of terms with |.M|</,4+-J, one 
must solve two secular equations that in general 
will have more than two rows and columns. The 
rows and columns correspond to zero-order states 
characterized by particular values of (m, my, Mp) 
with |m|=1, m+my+m.—M. The zero-order 
states belonging to each secular equation can be 
arranged in a succession, which (for >0, J,>J,) 
can be of either type: 


(1,7,, M—Z,- 1), (—1,h, M—1TI,+-1), 
(1,/,—2, M-— I, T 1), (—1, I,-—2, M—I,+3).. 


(m’| Hm) = (h®/2.A)i n(n+ 


or 


(1,4,—1, M—J,), (—1,,—1, M—1,+42), 
(1,4,—3, M—1,+2), (—1, 4-3, M—1,+4 


The diagonal elements of the secular equation a» 
of the type: 
Wri — Ri n,l [8 .dl, lon & B’ nd ( } P — €: 


2/ my) 
the elements next to the diagonal are of the type: 


—S(n)p’ d(1,)™*? or —S(n)p’.d(1,)m"* 


min M1) 


as the case may be; all other elements vanish 
V. The Special Case: a<l, n>0 


Only one nucleus has a quadrupole moment 
For a<1, or, more accurately, for: 
8 <l 


a? /2n(n+ 1) ~[a/ (rs: .m— Ur .m) PS 


the difference Rem’ — Dem ~cé can be disregarded 
since R is multiplied by 8 in the expression of tly 
matrix elements of quadrupole interaction. 
Replacing then R with D and using the approv- 
mate expression for w,.,, valid for small a’, the 
matrix element of the complete energy operater 
pertaining to states with the same values of 1, / 


and M 


m+ my, is 


1)bn.m'— 
B(— 1)" "Daw [d( 1D 8-2 /1(2T—1) —i mmo? /2n(n- 


1) B] ins 


terms in a‘, a’®8, or 8°, ete. 


The term energy ¢(h?/2A) is then obtained, to the 
first order in 8, by solving the secular equation: 


|(m’| Hm) —e(h*/2A)b mm! =. 


The number of rows and columns in the determi- 
nant, and hence the degree of the equation, is 
* For a1, n=0 we have R&=~a!’; hence the quadrupole interaction can 


be disregarded. 
* This expression can be given in terms of the coefficient D332, provided n>0. 


220 


<(2n+1) or <(27+1), whichever is the small 
since m and m’ take all the values that do ne 
exceed either (M/+J) or n and are not less that 
either (M—J) or —n. The term energy can as 
be indicated as: 


(h?/2A)[(n(n+1)+ 8”y)], 


where 8” = 8/(2n—1)(2n+3)7(27—1) and ys! 
solution of the secular equation 
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= (d( 1) 4am +b m2) —b my my| =0 which also contains some comments about the 
(10a) methods of solving the secular equation. 

Both nuclei have quadrupole moments.—The cal- 
culation is similar to that of the preceding case 
but is more complicated. The energy of each 
teps in calculating y for any given value of + — term can be expressed as: 
 ., of the field strength) are straightforward | 
ven though they may be laborious. The particu- 


dere 2 /(2]—1)/2n(n+1)](e?/8). The coeffi- 


ents d are given in table 2, hence the further 


(hi? /2.A)[n(n+1)+yB/(2n—1)(2n4+3)]. (11) 


nr case for n=1 is worked out in the appendix, Where y is a solution of the secular equation: 
(— 1)™-"d (n) (b,d, (1) an Sm’ r,mr+ 02d (12) mie Om’ pyymn + 
-(), (lla) 


| bm’, arbm’r.mrel = Yb m’ y, smyOm’ 12 m12 


lore c= 2 /B2n(n+1) and B, 6; and b are so The proportionality factor can be determined by 
hosen that: comparison with the solution obtained in section V 
me for the case M=F=n-+I, a?=0, which is trivial. 
3h B, 1,(21,—1), Bbo= B,/I,(2I,—1), b,~b.~l. 
The energy levels for n+J=F>!|n—TJ| are 
nally, m,m’|Sn; |mn|,|m’n| SN; mr ,\m’ Sh; = | 
, , , a f ‘ \ 
“min t= Mm’ ym’ n= M, (#2/2A {n(n+1)+8[30(C+1)—4n(n+1)1(I+1)] 
? aah > 2(2n—1)(2n+3)1(21—1)}, (12) 
VI. The Special Case: a’< 3! 
; with 
Zero field. Only one nucleus has a quadrupole 
woment._In this case the total angular momen- C=2(J-D = F(F+1)—n(n4+1)—IU +1). 
um F=J+JI (J=n), i. e., the sum of the rota- 


ional angular momentum and of the spin of the Near-zero field. Only one nucleus has a quad- 


pucleus having a quadrupole moment, is a con- rupole moment.—The weak electric field has the 
tant of the motion of the system. J and TJ are effect of splitting the levels with equal F and 
pot constant but precess freely around F on gifferent M. The energy is calculated by con- 
count of the quadrupole interaction. All the sidering the term proportional to a in eq 10, 
tates having the same value of F and different that is. 


alues of the total magnetic quantum number of Dem /2n(n+1), 

[=m+m, have the same energy. As shown by 

‘asimir [4] * the energy of each term is propor- as a small perturbation. This means simply 
ional to an eigenvalue of the quadrupole coupling —_ averaging the value of this term over the partici- 
perator: pation of each rotational state (n, m) in the com- 
plete state (n, F, M). The following term must 
therefore be added to eq 12: 


SSD (SD + 3D ~ LIILD. 


i 2A)fa®/2n(n+ LJ mn (Ce? ym)? = — of (I? /2.A)(3M?— F(F + 1))[3D(D—1)—4F(F+ 1)n(n+1)] 
2n(n+ 1)(2n—1) (2n4+3)2F(F+ 1) (2F—1) (2F'+3), (13) 


Fauw-m IS the coefficient of the eigenfunc- In the theory of the anomalous Zeeman effect 
ion (n, m; I, M—m) in the linear combination [6] for a case of (LS) coupling, which is somewhat 
hich constitutes the eigenfunction (n, F, MJ) [5], analagous to the present calculation, one has to 
nd calculate the average value of the quantum 


_— numbers m, and ms, namely, ¥m,(C}) _—=). = 
D=2(J.F)=F(F+ 1)+n(n+1)—JU+-1). _—— Ss are mu\© J, mi, M—m L 

“+r etc. It is shown by direct methods, however, 
4. BG. Casimir, Archives du Mus‘e Teyler [IIT] VEEL, 201 (1936). The . ‘ , 
Meation to a molecule in zero-field has been made by B. T. Feld and that the results are M(L-J) J(J+ 1) and 
*- Lamb, Jr. (Phys, Rev. 67, 15 (1945)). The definition ofq by Feldand = \f(§-J)/J(J+1). In our case the quantity D7 
*m is, however, different from that introduced in this paper: this entails i . eet 
ii ference in the multiplicative factor of some formulas. is a matrix element of quadrupole interaction, 
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while m, is a matrix element of dipole interaction. 
It might therefore be expected that eq 13 could 
be expressed directly by means of quadrupole 
matrix elements. In fact eq 13 involves the 
expression Df¥ and the matrix element of the 
operator: 


5 (SFI) — 5 (IF) —) (SDE), 


but the latter differs from the usual quadrupole 


coupling operator by the sign of the second term. . 


Both nuclei have quadrupole moments.— This case 
is again similar to the preceding ones but more 
complicated. Equation 13 should be extended to 
include two terms, one involving the coupling of 
J and I, and the other that of J and Z.. However, 
neither J+J, nor J+J, is a constant of the 
motion, but only the sum F=J+4,+4,. In gen- 
eral, there will be more than one term with the 
same values of n and F. The characterization of 
each term and the evaluation of (J-Z,) and (J-Z,), 
and hence of the energy levels, depend upon the 
ratio 8,/8, and require the application of methods 
similar to those used in the theory of complex 
atomic spectra involving a number of terms with 
the same angular momentum [6, p. 233]. The 
same holds for the extension of equation 13. 


The author is indebted to Prof. I. I. Rabi and 
his associates for suggesting this work, for friendly 
discussions, and for hospitality in the Pupin 
Physics Laboratory. 
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VII. Appendix 


The solution of the secular equation 10a for n=1 is 
obtained as follows. The total azimuthal quantum 
number M assumes all the values |M|=J+1. For 
|M\|=J+1 the secular equation has only one row and 
column; its trivial solution is: 
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y=1(21—1) +2, for |M|= 


For |M|=1, the equation is quadratic: 


{((7—3)(27—1)+2]—y 3(27 —1) 


3(27—1)]/'2 2[7 (27 —1)+2]—y 


and its solution is 
, I 
y 2 
3({(1— 1) (27 —1) +2P +4721 1p}, for |M\=I 


{ur +3)(27—1) +274 


For |M|<J, the equation is cubic, having three row. 
columns. Its solution can be indicated as 


y= K,+2K,'? cos |(a+ 2px) /3], for |M 


where p=0, 1, 2, cos a K;/K3". K,, Kz, K 
polynomials of first, second, and third degree j; 
elements of the determinant form of the secular equa: 
which can be given in terms of 7, M and x: 


K,=2 
K,= (4221+ 1)24+ 14-1) 414+ 2(3— 114 


K;== (8 (7+ 1)85— 24 (7 + 1)2+4+ (3/2) 1(7+1)] 


3} 3M? (27 (1+ 1) —7/2)— 377+ 1) [4774+ 1) 4 14 


3(3.M?— (1 +-1) + 1p? +23. 

Figure 1 shows the plot of y as a function of x for / 
corresponding to the Cs nucleus in the CsF mo\ 
(F has no quadrupole moment), and for all values oi 
The position of the energy levels for x greater than ty 
three times 7(27—1) is already given with good aceur 
by eq 7 and 9, which were calculated on the assump 


of a> !/8). 


The derivation of the eq 15 is a purely algebra 
rather tedious and laborious process. This is proba 
true in general of the process of solving secular equa 
in which the matrix element are still functions of var 
pertinent parameters. It is not just the solution of 
equation that is tedious, but especially the prelin 
process of transforming the equation from its deter 
form to a polynomial form. The labor involved increas 
rapidly with the degree of the equation. Therefore 
ever it is necessary to obtain a solution only for a 
values of the parameters 7 and M and gz, it is acdvisal 
introduce these values in the matrix elements then» 
and to carry out the rest of the work numerically. \ 
wise it may be advisable to consider other ways of red 
the equation to a polynomial form. For exampi 
coefficients of an algebraic equation can be expresse: 
terms of the sums of powers of its unknown soluti 
In the example above, AK,=S,/3, Ky 
K;= ((S;— S,S,)/6) — S?/27, where S,=Z,". 
tity S, is the trace of the matrix of the n-th power 
energy operator; it may well be simpler and sate 
mistakes to calculate the necessary S, than to expan’ 
determinant form of the secular equation. 
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Y 
Plot of the energy levels W,, versus the square of the electric field, E?, for n=1, » Is 9/2; coor- 
dinates are in dimensionless units: 
21 E)*/eqQhe/2A), y= 420W /etqQ. 


» M= 43/2; eee ee ee, M=+5/2: ee o oe 0 oe, M= 


Wasnincron, March 31, 1947. 
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reliminary Study on Portions of the Systems 
Na,O-CaO-Al,0;3-Fe,0; and Na,O-CaO-Fe,O;-SiO, 
By William R. Eubank* and Robert H. Bogue* 


Portions of the quaternary system Na,OQ-CaO-Al,O;-Fe.O; have been studied by the 
exploration of (1), the plane CaO0-4CaO. Al,O . FegOs-( Na,O + 3Al,0;) and (2), planes above 
the base system CaOQ-5Ca0O.3Al,0;-2CaO. FeO; containing successively increasing amounts 
of Ne,O up to 6 percent. A portion of the quaternary system Na,O-CaQO-Fe,O 3-SiQ, has 
been studied by the exploration of a plane containing 5 percent of Na,O above the base 
system CaO-2CaO.SiOQ,.-CaO. Fe.Os. 

‘In the pseudo system CaO-4Ca0O. Al,Os. Fe,03-(Na,0 +3A1,03), the compound Na,O.8- 
('a0.3A1,0, was found to exist as a primary phase, and the area in which the plane cuts the 
Na,O.8CaO.3Al,0; primary-phase volume was established. 
The iron phase (4CaQ.Al,O,.Fe,O, solid solution) was observed to 
exist in a solid-solution series. 

In the system Na,O-CaO-5Ca0.3Al,O3-2CaO. Fe,O;, it was found that the compound 
NaO.8CaO.3Al,0, appears at an Na,O concentration of about 4.2 percent. However, 
because soda is taken into solid solution by other phases, it was not feasible at this time to 
determine the invariant point for Na,O.8CaO.3Al,03;, 3CaO.Al,O3, 5CaQO.3Al,03, and 
4CaO. ALO. Fe,Os solid solution. 

In the system Na,O-CaO-2CaO.SiO,-CaO. Fe,O;, no ternary compounds were observed 
up to the 5-percent limit of Na,O employed. A soda-containing phase was found to occur 
in solid solution with a 2CaO.SiO,, which may precipitate on cooling, forming inclusions in 
the 8 2CaO.SiO,, or enter into reaction with the glassy phase. 


Three points on univariant 
curves were located. 


I. Introduction relations of its boundary quaternary systems. 
There are five such boundary systems.?, N-C-A-F; 
N-C-A-S; N-C-F-S; N-A-F-S; and C-A-F-S. One 
of these, N-A-F-S, contains no lime and can be 
considered, from the point of interest in portland 
cement, as not significant in the investigation. 
Studies on the system C-A-F-S have been reported 
by Lea and Parker [12] and by Swayze [18]. A 


The role of the alkali elements in portland 
increasing interest in 
ent years, due to the importance attached by 
me investigators to a reaction that may take 
wee between the alkalies and certain. siliceous 
14, 8}.'. The Portland Cement 


ment has become of 


gregates [17, 


soiation Fellowship, over a period of many 
ws, has condueted an intensive study of the 
vet of the alkali elements on the phase composi- 
nofcement clinker. Both potash [19, 20, 21] 
(soda [2, 6] have been so studied. In continua- 
i of this research, some of the preliminary 
estigations incident to the examination of the 
binary system Na ,O-CaQ-Al,O -Fe,03-SiO, have 
vi completed and are herein reported. 

Before direet attack can be made upon the 
iiry system, it is necessary to know the phase 
ane h Associates at the National Bureau of Standards, representing 

riland Cement Association. 


sin brackets indicate the literature references at the end of this 
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portion of the system N-C-A-S has been explored 
by Greene and Bogue [7]. The remaining two 
systems, N-C-A-F and N-C-F-S, require further 
examination, which is the purpose of this paper. 

Studies of the system C-F-S [9, 3] have shown 
no ternary-compound formation. In an investi- 
gation of the system C-A-F [10], the ternary 
compound C,AF was reported as the end member 
of a solid-solution series between C.F and hypo- 
thetical C,A. Swayze [18] has shown that this 
series extends to the composition C,A,F. As it 


2? The following customary abbreviated symbols are used interchangeably 
with the conventional formulas: N=NajO; C=CaO; A=AlOy; F= FeO 
S=SiO:; M=Mg0O; B=BaO. Thus NCsA;=NazO 8CaO0.3Ah0y, ete. 
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has not yet been found possible to define the 
precise composition of the solid solution resulting 
from the crystallization of a given melt in this 
area, the formula C,AF ss will be employed herein 
to indicate this iron-containing solid-solution 
phase. A study [2] of the system N-C-A has 
revealed that a ternary compound, NC\As;, is 
stable in the high-lime region of those components 
in equilibrium with C,;A. A subsequent investi- 
gation |7] indicated that this compound is also 
stable, in the system N-C-A-S, in the presence of 
C,S and C,S. It remained to study the reactions 
of NC,A, in systems containing the iron phase, 
and further to observe the effects of additions 
of Na,O upon compositions in the systems 
C-A-F and C-F-S. This has been accomplished, 
and preliminary results are herein presented on 
three studies: 1. Pseudo system C-C,AF-(NA;)°*; 
2. Portion of the system N-C-C;A;-C,F; 3. Por- 
tion of the system N-C-C,S-CF. 


II. Experimental Procedure 


The phase-equilibrium relations of a four-com- 
ponent system may be expressed in various ways 
{12, 16]. In the present study two of these 
methods are employed. In the study of the 
pseudo-ternary system C-C,AF-(NA;), a plane 
was passed through the tetrahedron N-C-A-F in 
such a way as to cut the space model at the com- 
positions C, (AF) and (NAj), (see fig. 1). In the 
study of the systems N-C-C;A;-C.F and 
N-C-C,S-CF, planes were passed through the 
space model parallel to the soda-free surface (see 
figs. 3 and 4). In all cases the triangular dia- 
grams obtained by these planes represent arbitrary 
pseudo-ternary systems. The advantage of this 
procedure is that the planes may thus be repre- 
sented in the form of a ternary diagram (see fig. 
2). However, it is evident that the information 
that can be obtained from the diagram of an 
arbitrary plane through a quaternary system is 
in general much more limited than that which can 
be derived from the diagram of a true ternary 
system. The course of crystallization upon cool- 
ing a given melt can be followed on the diagram 
of a ternary system, but usually this cannot be 
done for a plane through a quaternary system 
unless the plane represents a true ternary system. 





* The parenthesized expressions (N As), (N2As) and (AF) are used to indi- 
cate arbitrary compositions and are not intended to be understood either 
as compounds or phases. 
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Tetrahedron, N-C-A-F, within which 
the pseudoternary system, C-CyAF-(N Ag), as a@ part 
plane cutting the tetrahedron at C-( AF)-(N A, 


Figure 1. 
Sy the 


the 


a BS P 
This arises from the fact that crystalline plo ,),. 
in equilibrium with liquids at various tempi. y, 
tures usually have compositions outside tj py, 


original plane. However, by judicious choie 
planes, these difficulties may be largely redu« 

The quenching method of investigation |2. | 
was employed, except that in some cases th 
charge was allowed to cool slowly in order ‘h 
secondary phases might be examined. The plu 
were identified by optical petrographic method, 

Both envelopes of platinum foil, and opin: 


NSU: 
tler 
her | 
The 
) sie 


an 

















platinum pans as first used by Swayze and bow, y 
[18], were employed in this study. It was (oy ; 
that the alkali loss was much more rapid from “Mixing 
open pans. Therefore, in most cases, platiuly ( 
envelops were used to hold the charges for burnag.yq, 


Volatilization of small amounts of soda [Une 
the charges during heating was found to 0 
when envelopes were employed, but could | 
controlled and provided for. The charges 
held at the reaction temperature for the short 


lan 
Wat 
encl 
e Wa 


period consistent with complete reaction TA, hy. 
period for equilibrium varied with compo=\“Giiyn | 
and was usually short, only a few minutes ‘Gein 
the high-fluidity iron-containing mixes. logy, y 
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(NA) 
2 —Field of intersection of the C-CyAF-(N A;) plane 


ail rE 2 


with the NCgAg primary phase volume. 


The dots indicate compositions studied. 


or, in the absence of SiO, or in the presence of 

than 4 percent of Na,O, longer periods, some- 

mes more than an hour, were required. The 

: of soda was found to be less when it was 

Mi ied in certain combined forms, as NA or NS». 

art : the loss of soda was found to be proportional 
the concentration, a definite excess of Na,O 

hs provided in the preparation of the charges. 















' plas@alvtieal checks indicated that the losses were 
“UGE isfactorily compensated. 

le WH Raw materials were specially prepared and of 
how visually high purity. The Fe,O; and SiO, were 
peau ter than 99.99 percent pure on a dry basis, and 
- her reagents were better than 99.90 percent. 

ss These raw materials were ground to pass a No. 
ler (MD) sieve and, after proportioning, further ground 
* phi an agate mortar. Microscopic examination 
ub ive satisfactory mixing. One-hundred gram 
I opiMantities of C5As, CS, (NAj), C.F, CAF, NA, 
Boi. NS, were prepared. Each mix was given at 
sas! two burns with intermediate grinding and 
Om “Giving in each case. These materials, together 
atinuith CaCOs, were then used as base mixes for 
urn 


vyparing 1-g compositions to be studied by the 
eiching method. Because of the possible loss of 
la, no preliminary burns were given these mixes. 
Water was found to be the most satisfactory 
eiching medium. Charges were removed from 
* water immediately after quenching and dried 
h the top of the furnace. The hydration resulting 
m this procedure was insignificant, and the 
ieney of cooling was superior to that obtained 
th the use of mereury. The size of the charge 


eorfmmase Studies on Alkali Systems 





was kept small (2 to 10 mg) to improve further 
the rapidity of freezing. 

Permanent mounts of all charges were made, 
using Hyrax resin of refractive index 1.715. This 
procedure, which was emphasized by Brown [18], 
provides a permanent record of the investigation 
and permits the reexamination of specimens as the 
need arises. 

In many cases, several quenches of a given mix 
were necessary before the temperature range was 
reached where the information obtained became 
pertinent to the investigation. Only those data 
that are of critical significance are herein recorded. 
In most instances, glass was the predominant 
phase, with small amounts of the various crystal- 
line phases appearing embedded in the under- 
cooled matrix. 

The thermocouples were recalibrated at frequent 
intervals because of attack by the soda vapors. 
For this purpose pure diopside, CMS, (1391.5° C), 
or barium disilicate, BS, (1,418° C), were employed, 
the melting points of these compounds having been 
confirmed with a couple standardized by the 
National Bureau of Standards. 

Special high-index media were prepared for 
measuring the refractive indices of the iron com- 
pounds) These were made by heating together 
purified piperine and a mixture of arsenic and 
antimony tri-iodides according to the method of 
Larsen and Merwin [11]. These media gave indices 
ranging from 1.88 to 2.06. 


III. Experimental Results 
1. Pseudo system C-C,AF-(NA;) 


The reactions of NC,A; in the presence of iron 
and alumina compounds, and the character of 
solid-solution formation between these compounds, 
were studied by an examination of the pseudo 
system C-C,AF-(NA;). The composition (N Aj) 
was selected as one of the component vertices so 
that the plane chosen would include the compound 
NCA. This is indicated in figure 1, where the 
pseudo system is shown to be a portion of a plane 
cutting the space model at the points C, (AF), 
and (NA,). The pseudo system C-C,AF-(N As), 
indicated in the figure as a sealene triangle within 
the tetrahedron, is shown to better advantage in 
figure 2, where it is reproduced as an equilateral 
triangle. The compositions studied are indicated 
by dots, and are defined in table 1, together with 
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TABLE 1. 


Composition 


Temper- 


C\AF ss FIELD 


ature 
Cad AlyOy CAF 
NC&A 
% % % « 
| 1, 478 
45.0 45.65 0 1, 489 
| 1, 
{ ‘ 
40.5 41.05 10 1, = 
| 1,473 
| 1,438 
6.0 36. 55 2 1, a8 
| 1, 468 
| 1,470 
{ pa] 
31.5 31.95 oo 1, 42 
| 1.439 
{ 1,416 
27.0 27.4 0 : 
| 1,423 
| 1, 390 
22.5 22. 82 m) 1, 401 
| 1,417 
{ 380) 
1.0 18. 26 wo npas 
| 1,391 
{ om” 
25.0 20.75 mw) mpead 
| 1,439 
a . ' 1,380 
2.0 164.6 wo 
| 1,391 
{ ‘ 
2.0 24.9 ») nee 
| 1,346 
; ' { 1,392 
13.5 3.7 70 : 
; : | 1,404 
{ ) 
9.0 9.13 sO apo 
| 1412 
{ 1,429 
4.5 4. 57 wo 
: | 1,438 
| 370 
15.0 12.45 70 Le 
| 1,380 
16.5 11.2 1 ' 1,400 
5 2 7 
: | 1,412 
- { 1,394 
11.0 7.47 sO 
| 1,408 
1,320 
16.0 19.9 Pt) 1, 382 
| 1, 395 
12.0 14.9 ~ || » 
~ ; . {| 1411 
? { 1,383 
1.0 22.4 55 
| 1,395 
78 14.5 , { 1,370 
= . | 1,380 
0.0 8 65 | 1,395 
~ |) 1,406 
( 
| 1, 384 
a0 “9 +) 1, 387 
| 1, 391 
| 1, 342 
24.0 29.9 4 1, 352 
| 1, 30 
‘ 4 
20.0 24.9 " | 1, 340 
| 1, 346 
1, 381 
v0 37.4 25 |; 1,390 
1, 400 


» FIELD 


min 


») 
mw 
35 


0 
30 
oo 
30 
35 
3 
35 
oO 
30 
35 
30 
35 
3 
oO 
3o 
30 
40 
+O 


30 
35 
30 
35 
oO 
3O 
30 
30 
35 
35 
30 
Pi) 
30 
30 
30 
oO 
35 
a 
w 
oo 
45 
35 


32 


‘sAy FIELD 


a 
ww 
a0 
35 
55 
O 
.U 
oO 
3 
oO 
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Results of quenches in the system C-CyAF-(N As) 


Petrographie examination 


NCsAg, NoCsAs, glass. 
NC sAs, trace NoCyAs, glass 
Glass, trace NC«As. 

NC «As, NoCsAs, glass. 
All glass. 

NCsAg, NoCsAs, glass. 
NC «Ag, glass 

Trace NCsAg, glass. 

All glass 

NC Ag, glass 

All glass 

NCsAs, glass. 

All glass 

NC sAs,, iron phase, glass, 
NCcAsg, glass 

All glass 

NCsAzg, iron phase, glass. 
All glass 

Trace NCA», mostly glass 
All glass. 

NC sAs, glass. 

All glass 

NCsAsg, CoAs, glass, 

All glass 


Iron phase, glass. 

All glass. 

Iron phase, glass. 

All glass. 

Iron phase, quench growth glass. 
All glass 

Iron phase, glass. 

All glass. 

Iron phase, trace CaO, glass. 

All glass 

Iron phase, glass. 

All glass 

Iron phase, C5 A , glass. 

Small amt. iron phase, glass. 

All glass. 

Trace iron phase, glass. 

All glass 

Trace iron phase, glass. 

All glass. 

Iron phase, quench growths, glass. 
All glass. 

Iron phase, quench growths, glass. 
All glass. 


NoCyAr, NCsAg, Cs5Azs, glass. 
Trace CsAs, glass. 
All glass. 


NCAAs, CsAy, quench growths, glass. 


C5As, trace NCsAzg, glass. 
All glass 

C5As, NCsAa, glass. 

All glass 

C5Ay, NCsAs, NoCyAs, class. 
Small amount C;As, glass 
All glass 
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TABLE 1.—Results of quenches in the system C-C4AF-—(N A3)—Continued 


Composition } 
No. — Time Petrographic examination 
NapO Cad AlpOy CyAF 
CsA) FIELD—Continued 
| 1, 376 35 | CsAs, NCsA», glass. | 
39 6.6 26.0 32.4 35 1, 380 30 »=6- Trace Cs5Ag, glass. 
| 1, 385 30 «All glass. } 
44 5. 06 15.0 29.04 w 1,410 25 Trace Cs5As, glass. } 
| 1, 384 30 =C5Az, iron phase, quench growths, glass. [ 
45 4.7 12.0 23.3 oO 1, 308 30 « Small amount Cs5As, glass. 
| 1, 404 30))=|- Trace C5Ay, glass. } 
; { 1516 35 CsA, NoCsAs, glass. | 
. a _e ate al at 30) CoAs, glass. 
| 1, 454 30) C5As, NoCyAs, glass. 
4s 7.1 18.0 4.9 40 1,470 BO ~C5Asg, trace NoCyAs, glass. 
| 1, 488 55 Trace C5A,, glass. 
f ar ‘. * +. glass 
u) 8.1 12.0 39.9 40 a -- on m~ vA, glass. } 
. 40 5 “sAs, glass. 
54 g 6 » 1) 7 4 45 { 1,340 30 CAs, NCsAs, glass 
= hh £2 35 All glass. | 
’ 
NoCyA; FIELD 
| 
{ S5 : CAs, ghiss | 
on w.2 10.0 49.8 0 rn — Nil ~ bs Rls. | 
ee ww o. 
31 9.2 36.0 44.8 Ww 1,450 30 Do. 
$2 8.2 32.0 39.8 A) 1, 420 see Do. 
7 - ™ 1. “| 1,430 30 | All glass 
ri , : CAs clea 
42 0.5 24.0 46.5 20 a ~ -_ ~ ae 
ad «. } 
43 a9 22.5 43.6 25 1, 495 45 Do. 
} 
CaO FIELD | 
| 
| 1, 501 35 | NCsAs, glass. } 
11 8.5 0.0 41.5 0 1,514 35 | CaO, NCsAs, glass | 
1, 526 30) «CaO, rounded grains, glass 
: a ‘ - { 1, 485 30) « CaO, NCsA;s, quench growths, glass. \ 
- _— = =e 1,495 35 | CaO, glass. 
| 1, 483 35 CaO, NCsAsg, glass. 
13 6.8 0.0 33. 2 a 4 1,495 30 Do. 
| 1,504 30)—« CaO, large grains, glass. 
- -* 6 21 - { 1,475 35 | CaO, NCsAg, glass 
5 5 2 | 
{ 1,487 30 Small amount Ca0, glass. 
1, 439 35 NC sAs, Cad, glass. 
15 5.1 30.0 24.9 4 1,450 3%) )6CaO, glass } 
| 1,461 O All glass. ! 
{ 5 35 Small grains CaO, glass 
1 77 55.0 37.3 - 1, 514 ped Small grains CaO, gla 
| 1,526 30 Do. 
- ae as  ¢ - { 1,485 20 CaO, NCsAs, quench growths, glass 
-< » ae « ’ “1 
| 1,495 35 «Large rounded grains CaO, glass 
| 1, 483 35 | CaO, NCsAs, quench growths, glass. 
23 6.1 44.0 2.9 a» 1, 495 30) 6CaO, NC¢As, glass | 
1,54 3) 6OLarge grains CaO, glass. 
” 5.4 38.5 6. 1 - { 1,475 35 | CaO, quench growths, glass. | 
5 38.5 aa 
{ 1, 487 30 «Small amount CaO, glass 
on 4¢ 23.0 » 4 0 | 1, 439 35 CaO, small amount NC¢sAg, glass. 
25 ) oe 
| 1,461 30 | CaO, glass. 
| 1, 439 30 | CaO, NCsA», quench growths, iron phase, 
26 3.8 27.5 18.7 MM) glass 
| 1, 448 *#) CaO, quench growths, glass 
1, 391 30 CaO, quench growths, NCsA;, iron phase, 
27 3.1 22.0 14.9 wo glass. 
| 1, 404 30°06 CaO, glass. 
{ 1,400 35 Do 
53 2.7 19.0 13.3 65} ; . 
"1 1,400 35 | All glass. 
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the heat treatments and the phases observed in 
the quenched charges. 

From a study of about 50 compositions in this 
system, the boundaries defining the area of inter- 
section of this plane with the primary-phase 
volume of NCA, were located. This field was 
found to be rather narrow and to extend from a 
point near the C,AF vertex to the base line, 
C-(NA;). As NCA; melts incongruently [2], its 
composition falls outside of the field for that 
compound. The boundary curves defining the 
area of NCA, in this system are indicated in 
the figures. The boundary curves extending 
away from that field, and originating at points on 
univariant curves, were not studied at length, and 
are indicated by dashed lines. The intersection 
point /7, for C;A,, CAF ss, and NCA, was 
determined. Two other intersection points, K for 
CA;, NC.A;, NoC3A;, and ZL for CaO, C,AF ss, 
NC\Ag, also were located. The compositions and 
melting temperatures of these points, as of the 
points on the base-line, C-(NA,) [7], are given in 
table 2. 


Intersection points in the pseudo system 


C-C,AF-(N As) 


TABLE 2. 


Composition 
Temper- 


Point 
afure 


CaO AbOy FeO, Nad 


COMPOSITIONS, EXPRESSED AS OXIDES 


°C 
34445 
. 410410 
, 390410 
, 508 
. 5 


“OMPOSITIONS, EXPRESSED AS COMPONENTS 
r 


Point Cao C\AF (NA)) 


The curves in figure 2 are sections through 
bivariant surfaces in the quaternary system 
N-C-A-F. The intersections of these curves are 
points on univariant curves in the quaternary 
system. As the system C-C,AF-(NA,;) is a 
pseudo system, none of these points can be con- 
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sidered to be invariant points. So) 4 poit 
could be an invariant point, but only if the olay 
selected arbitrarily happened to pass through a 
invariant point. Intersection points // and [ » 
on the univariant curves for CyAV gy (4 
and NCA; and for CaO, CAF ss and \C4 
respectively. 

A primary-phase region for CA exists jp 9) 
plane C-AF-A (fig. 1), but is absent in the plan 
C-AF-(NA;). On the other hand, a narrow roy 
for NCA, exists in the plane C-AF-(N A), yy, 
absent in the plane C-AF-A. It is to be expects 
then, that between the two planes there js , 
Na,O concentration at which the CyA region | 
appears, and an Na,O concentration at whieh 
NCA, region appears. It is probable that tly 
are the concentrations of Na,O at invariant poinys 
The Na,O concentration at which NC.A, ap pea 
is considered in the investigation of the sysiu 
N-C-C5A;-C,F. 

The formation of iron-containing solid soli 
was observed by measurements of the refracty 
The a ihe 
(yellow-brown pleochroism) was measured it) ea 
case. Red filters, transmitting the equivale 
wavelengths of red lithium light, were at fir 
employed, but the values obtained were found » 
to differ from those obtained with unfiltered why 
light. It seems that the high-index media ww 
because of their reddish-brown color, act as filtes 
making the use of additional filters unnecessn 
The refractive index of the crystalline pleochn 
iron phase in this system was found to deer 
with decreasing iron content of the charge. Thi 
as the calculated percentage of C,AF was redwe 
from 90 to 30 percent, the @ index of the iron ple 
was lowered from 2.03 to 1.91. 

Considerable difficulty was encountered in 
tallizing the iron phase in the low-iron compe 
tions of the NC\A, field. Even when the clay 
was allowed to cool with the furnace, the coli 
rate was still not slow enough to permit satel 
tory crystallization of this phase. By a contr!» 
slow cooling, effected by gradual reductwi “ 
electrical input into the furnace, the iron ple 
could be identified microscopically; but crys 
large enough for index-of-refraction measuren 
could not be obtained in charges in which © 
calculated C,AF concentration was belov 4 
percent, 

The results of this study have located ' 


indices of the quenched charges. 
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of the NC A; primary phase region 
n which C,AF is a component. The 
as been identified as a solid solution, 
ition of which varies with the iron 
oneentration. Evidence has previously been re- 
orted {6| leading to the suggestion that C;A and 
‘C.A, form, under suitable conditions, a solid- 
olution phase at temperatures below the liquidus. 
» indication of this was found in the present 
tudy. However, in the following investigation, 


‘4 and NC.Ay were sometimes observed as what 


youndarl 
na syst 
ron phas 


we com) ( 


ppeared to be mix-erystals, 
2» Portion of the System N-C-C,A,-C.F 


From the study above reported, we learn that 
he soda compound NC\A, exists at equilibrium 
» the liquidus over a part of the plane represented 
yy the pseudo-ternary system C-C,AF-(N As), as 

ell as in the pseudo-binary system C-(NAs;), as 
hown by the diagram of figure 1. It was necessary 
» ascertain further the point in the quaternary 
ystem N-C-A-F where the compound 
‘Cay first appears. From figure 1 it is obvious 
hat this will be found within the wedge bounded 
w C, A, (NA;) and (AF), i. e., in a region more 
emote from N than the plane previously studied. 

he procedure emploved was to set up a space 
nodel of the system N-C-A-F as before, in which 

w ternary system C-C,;A,;-C,F [18] appears on 
ne of the faces, as shown in figure 3. A series of 
lanes parallel to the above face was then drawn 
nt specified Na,O concentrations, each plane 
ontaining a fixed Na,O value. These planes were 
prbitrarily spaced at Na,O concentrations of 2, 
4. and 6 percent, the intention being to continue 
tudy of successive planes until NC.A, appeared 
is a primary phase. About 10 composition 
ints were investigated in each soda plane as 
ell as in the soda-free base plane. 

It was found that the planes containing 2 per- 
ent and 4 pereent of Na,O did not show NCA, 
ts a primary phase; but when the plane containing 
) percent of Na,O was explored, it was found to 
‘ut the primary-phase volume of NCA; in a 
arrow elliptical section extending from about 
3 to 22 percent of C.F. Additional planes con- 
aining 5 and 4.5 percent of Na,O were found also 
0 cut the primary-phase volume of NC,A;, which 
ocates between 4.0 and 4.5 percent the Na,O 
‘oncentration at which NC,Ag first appears. Fur- 
her planes to locate this concentration more 


soda 
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4.3% plane 


N68 %N_piane 


Figure 3.— Tetrahedron, N-C-A-F, on one face of which is 
shown the ternary system C-CsA;-C,F [18], and within 
which appears the quaternary system N-C-CsAg-C.F. 


precisely were not explored; but it was concluded 
that the Na,O concentration could be placed at 
about 4.2 percent. 

These exploratory studies indicate that the 
temperature of the quaternary invariant point 
may be higher, rather than lower, than the 1,335° 
C [10, 18], reported for the soda-free, ternary 
invariant point for C;A;, C;A, iron phase and 
liquid. The explanation appears to be that cer- 
tain phases, especially CsA; and the iron phase, 
are not pure and the resulting solid solutions may 
melt at higher temperatures than the pure com- 
pounds. It is theoretically possible for solid 
solution freezing-point curves to pass through 
either maxima or minima. The latter phenome- 
non, however, is the more common. Examples of 
each of these cases are discussed by Findlay [4] 
and others. 

The effects of solid-solution formation have 
been noted by a number of investigators, and 
the readiness with which CsA, enters into such 
solution has been reported. In the presence of 
Fe,O;, the refractive indices of the C;A; phase 
have been found to be markedly raised [10]. As 
much as 8 percent of C,AF may be taken up by 
C;A;, and up to 5 percent of CsA; or C;A may be 
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taken up by C,AF [13]. In the system N-C-A 
[2], the CsA, phase crystallizes as a solid solution 
with Na,O, and as little as 1 percent of Na,O 
raises the melting point of CsA; 25 degrees. Like- 
wise, in the system N-C-A-S [7], the invariant 
point for C.S, C,A, CsA, and NCA, has been 
reported to occur at a temperature 30 degrees 
higher than that of the corresponding soda-free 
invariant point for C,S, C,;A, and CsA;. From 
these results it appears that the formation of 
solid solutions involving C;A, with Fe,O, or Na,O, 
as well as those concerned with the iron phase 
[18] may be responsible for the increased temper- 
ature in the compositions under discussion in the 
present investigation. 

There seems to be some possibility of the 
existence of solid solution also in the case of C,A 
and NC A;. Occasionally, large isotropic grains 
of C,A were seen to contain fine granules of grey 
birefringent material. The birefringence of this 
granular material corresponds to that for NC\Asg. 
Such a large grain then has a mottled birefring- 
ence. This presents some evidence that fine 
grains of NCA; may be embedded in the CA 
matrix, resulting from a reaction of alkali with 
C,A. Whether or not this is a solid solution is 
still not certain. 


3. Portion of the System N-C-C,S-CF 


In former studies of the system C-F-S in the 
region of portland cement |9, 3], no ternary com- 
pounds were found. It was necessary, however, 
to extend that study by the introduction of Na,O 
as a component. Accordingly, the quaternary 
system N-C-F-S was set up in a manner similar 
to that employed in the previous studies on the 
system N-C-A-F. Figure 4 shows the tetrahe- 
dron N-C-F-S on one face of which are given 
the boundary curves and joins of the system 
C-C,S-CF [3]. A plane parallel to the plane of 
this svstem cutting the tetrahedron at 5-percent 
Na,O concentration was explored, and is indi- 
cated on the Twenty compositions 
in this plane and five compositions in the soda- 
free plane were studied. 

The burning and quenching techniques em- 


diagram. 


ployed were the same as previously used, with 
the exception that additional burns of some mixes 
were made wherein the charge was allowed to cool 
slowly so that the secondary phases present 
might be examined. 
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Figure 4.— Tetrahedron, N-C-F-S, on one face of » 
shown the ternary system, C-C,S8-CF [3], and withiy 


ptirel 
ee ee he le 
appears the quaternary system N-C-C,S-CF. 
Par e 


whe 
It was observed that no ternary compound 


were formed in this system with Na.O addin 
of 5 percent. The temperature of liquid form. 
tion was lowered, however, due to the presence 
Na,O. Even in the presence of Na,O, howee 
it was observed that charges near the CC 


In 
10, 

myp 
plai 


join and close to C,S in composition were ver ' 
mp 


refractory, showing little liquid at temperaturs 
up to 1,550° C. 
away from the C,S point and contained increasig 
concentrations of C.F, the amount of liquid forme 
was found to increase. In a mix containing on) 
31.5 percent of CaO, the charge was complete! 
liquid at 1,320°. 
cent or more of FeO , it was noted that the (> 
grains were usually surrounded by a dark main 
which appeared more opaque as the iron cone 
tration increased. This phase occurred in bo! 
the crystalline and glassy states; when crys 
In matt 


,P ql 
The 
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As the composition movi 
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pplie 
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In charges containing 15 pe a 
mm ¢ 
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bright red) existed at the interface of this ph Tice | 
and the C,S crystals, which would seem to ! t th 
cate some reaction between the C,S and thes at t 


line, its birefringence was deep red. 
cases a region of higher birefringence (yellow 


rounding phase. It is possible that socda-cont 
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‘ions within the C,S react to some 
the iron-containing matrix. Many 
soda were 


ur solid ms 
tent wil 
inclusions thought to contain 


quently served in the C,S grains. 
In this uyvestigation soda was added as the 


sy compound NS. As this compound erys- 
llizes only under carefully controlled conditions 
very slow cooling, no NS, crystals were ob- 
eal in any of the burns. However, only one 
yuid phase was observed and, because a liquid 
ase Was always present, it is probable that the 
la was concentrated there. 

Xo CS was observed in the 5-percent Na,O 
ane studied. Apparently this compound is not 
ble in the presence of Na,O of that concentra- 
». It has been observed that soda reacts 
hh CS, converting it to free CaO and C,S, and 
on enters into solid solution with the C,S. 
ence soda causes free CaO to form, which would 
t otherwise appear, thus enlarging its primary- 
vase region. Conversely, the size of the C;S 
imary-phase region is decreased, or disappears 
ptirely as in the concentrations herein reported. 
he location of the C,S and iron-phase fields ap- 
wr essentially unchanged in the 5-percent Na,O 


whe 


re IV. Discussion 


In the investigations herein reported, SiO, and 
), were not present together in any of the 
The purpose, as already 
plained, was to provide the necessary informa- 
1 preliminary to the extension of the studies to 
¢ quinary system N-C-A-F-S. 

The work has revealed that the extension of the 
ld of CaO due to the introduction of Na,O, as 
viously reported for the system N-C-A-S [7], 
pplies also in the systems and regions covered 
ae the present study. Also, the presence of soda 
_ AEs observed to lower the temperature of forma- 
m of first liquid. However, the influence of 
Pea on the burnability of portland cement clinker 
% nnot be stated with assurance until the simulta- 
fous phase-equilibrium relations of all five 
ponents have been completed. 

Likewise, the nature of the soda phase in port- 
id cement clinker cannot be stated with assur- 
hee until the completion of the quinary system. 
t the present state of information, it appears 
eS MM@at the phase NCA, is stable over a wide range 


mpositions studied. 
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and probably constitutes the principal soda phase 
in clinker, although soda has been observed to 
enter into several different solid solutions. It is 
possible that this phase may interact with cal- 
cium sulfate, as was found to be the case with the 
potash compound KC,,S,, [21]. In that case we 
might expect Na,SO, and C,A to be produced, 
a reaction for which we have some evidence. 

It had previously been shown [6] that soda 
enters into solid solution with @ C,S following 
interaction with C;S by which CaO is liberated. 
When the a C,S solid solution inverts to the 8 
form on cooling, the soda appears to be pre- 
cipitated, perhaps as NC,.A;, and to remain as 
inclusions in the crystallized silicate grains. 
Further evidence of this reaction was obtained 
in the present study, where the C,S phase was 
observed in all three of its polymorphic forms. 
Soda-containing charges that were rapidly 
quenched from 1,300° C or above were some- 
times observed to contain a@ C,.S, charac- 
terized by its glassy appearance and a@ index 
close to 1.713 [6]. The erystals in many cases 
were found to contain very fine dark inclusions. 
The @ to 8 inversion temperature was found to 
be lowered from 1,456° C, as reported by Newman 
and Wells [15]) by as much as 156 degrees. The 
8 form of C,S, readily identified by its twinned 
structure, was found in slowly cooled burns. 
These crystals contained inclusions of fairly large 
rounded grains that are believed to be due to the 
exsolution of a soda-containing phase. The slowly 
cooled charges contained considerable amounts of 
y CS, and often dusted due to the inversion of the 
8 C,S to the gamma form. 

Occasionally in charges of high-iron concentra- 
tion, small areas of brighter color and higher 
birefringence were observed in the dark-brown 
glass surrounding the grains of dicalcium silicate. 
It appears probable that these areas are caused 
by an interaction of the soda (coming out of 
solution in the C,S) with the surrounding glass. 

The petrologic significance of certain ternary 
subsystems in the high-silica portion of the system 
N-C-A-S has recently been reported by Gold- 
smith [5]. Although these investigations consider 
concentrations of silica much higher than those 
encountered in this study, certain relations such 
as those of solid solution appear to be similar. 
The predominance of solid solutions in these sys- 
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tems is worthy of note. It was stated that the 
only substantially pure phase existing either in 
natural magmas or synthetic melts in this range of 
compositions is the mineral quartz. All other 
phases exist in some form of solid solution. A 
similar situation seems to exist in the systems under 
consideration here. In this case it is likely that 
the only pure phase encountered is free CaO, the 
remaining phases reacting with each other to a 
more or less extent to form solid solutions. 

Certain of these solid solutions may be defined 
only in terms of the oxide components of the large 
quaternary system N-C-A-S. In other words, 
ternary subsystems having various compounds such 
as C,AF or C, A, as components may be nonternary. 
That is, phases encountered are not capable of 
being expressed in terms of the end members of 
the ternary system considered, and liquids formed 
upon crystallization of solid solutions fall outside 
that ternary system in composition. One reason 
for this appears to arise from the nature of these 
solid solutions, in which solution takes place in 
the form of the smaller oxide units, rather than the 
larger ones involving compounds. 

At the liquidus, such systems may behave as 
ordinary ternary systems. However, as stated 
earlier, below the liquidus the composition of 
both solid solutions and liquids is usually outside 
the given plane. Courses of crystallization can- 
not be traced readily, and the phase-equilibrium 
relations in general increase in complexity in 
these systems containing solid solutions. 
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Theory and Design of a Cavity Attenuator 


By J. J. Freeman 


The fields generated by an arbitrary current distribution exciting a piston-type or 
cavity attenuator are developed, and symmetric distributions exciting maximum amplitudes 
of the dominant mode and minimum amplitudes of unwanted modes are investigated. The 
relative error in voltage measurement due to spurious modes is computed as a function of 


spacing between exciting and receiving coils for certain simple current distributions. 


The 


relative merits of circular and rectangular attenuator cross sections are discussed. 


I. Introduction 


The cavity attenuator, also known as a piston 
» mutual inductance type attenuator, was first 
lesigned by Wheeler, Harnett, and Case [1]! for 
ise in signal generators, and has since found wide 
ypplication. It consists of a hollow tube excited 
wlow its cut-off frequency and a coil or capacitor, 
vhich picks up the attenuated field. As the gen- 
rated electromagnetic field falls off exponentially 
vith distance from the exciting source, and as the 
ttenuation constant may be computed from the 
limensions of the tube, the ratio of any two volt- 
aves is reduced to a measurement of length. 

Preparatory to the design and construction of 
uch an attenuator, it was thought advisable to 
uvestigate the theory to determine the kind of 
xcitation required for optimum mode purity, and 
n evaluation of the amplitudes of the unwanted 
nodes, for different types of excitaticn. A rigorous 
olution of the problem is impossible, but an 
pproximate solution that is useful consists in 
letermining the field produced by an arbitrary- 
‘urrent distribution within a waveguide closed at 
oth ends. Here the perturbation of the field by 
he receiving loop is neglected. It may also be 
ssumed that the exciting current distribution is 
wintained by a constant-current generator. 

Thus, given a distribution of current density, 
vir’ y’, 2 \e%*", the field produced within a per- 
ectly conducting cavity is sought. The scalar 
mnalogue, where J(z’, y’, 2’) is replaced by p, the 
harge density, is well known, and has been treated 
legantly by Sommerfeld [2]. The vector problem 


Figure rackets indicate the literature references at the end of this 
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is solved analogously, by expansion into ortho- 
gonal vector wave functions, and has been treated 
by Heitler [3}, Condon [4], and others. For com- 
pleteness, the method is outlined below. 


II. Expansion of the Field into Normal 
Vector Functions 


MKS units are used and the fields and source 
are assumed to vary as e~**'. Then, according to 
Maxwell’s equations [5], one must find a solution 
for 

v Xv XE—FE=jopJ, (1) 


subject to the boundary condition that nx E=0 
on the surface S of the cavity, where n is the 
normal on S. E is the electric field, J the impressed 
current density, and k?=w*ye. As any vector field 
may be shown to consist of two parts, one of 
zero curl, and the other of zero divergence, let 
J=J,+J., where curl J,=0, and div. J,=0. 
Let E=E,+ E,, where curl E,=0, and div E,=0. 
Then, if 

curl? E,—k*E, = jwpJ, (2) 


and if 
E, = ed, (3) 


then E=E, +E, satisfies eq 1. 

If ¥. is a solution of T’¥.+k av.=0, and y.=0 
on S, the interior surface of the cavity, Vy. <n=0 
on S. If the y¥. are normalized and orthogonal, 


then : Vy. are normalized and orthogonal, because 
ST Vad vsdt = S (TAs Val — Va? Pa)dr= 
ki S vabadr. 


Here dr is an element of volume, and the inte- 
gration is performed throughout the volume of 
the cavity. 


Then if we call the normalized . vv¥.=E,, an 


arbitrary irrotational vector function whose tan- 
gential component vanishes on S may be devel- 
oped in terms of the E,. 
Thus, 
E, => a,E,, 


a 


a= S Ey-E,dr 
JOSS, E.drE, 


where 


Substituting the above expression for J, in eq 3, 
E, (r) _ DSS (0’)-Ba(r’)dr'Ba(r). (4) 


If one had a complete set of orthogonal vector 
wave functions Ey, and if div E;=0, and nx E,=0, 
an arbitrary solenoidal vector, whose tangential 
component vanished on S, in particular E,, could 
be expanded in terms of the E;. Suppose the Eg 
are solutions of 


curl?’ F,;—k3E;=0, 


where n< E;=0, and div Es=0. Then it may be 
shown that the Ey, are orthogonal to each other, 
and to the E,. 

Let E,=es;Es, and let J,—2XjsE; Then 
ja= SS, Edr. Substituting the above values for 
E, and J, in eq 2, 


es Jee S3-Exdt 
ki—k 


E,=jous S'S,(r’)-Es(r’) dr’E,(r) 
. (ki —k*) 

Since the E, are orthogonal to the Ey, and the 
E, and E; are assumed complete for expansions of 
electric fields of zero curl and zero divergence, 
respectively, J-J,-E.dr= f'J,-Esd7=0. According- 
ly, we may drop the subscripts in J; and J, in 
eq 4 and 5, and substitute the total current 
density, J. Thus 


—sin né n , 
M.,- =M.. A:.| " pee: ) Fu Gum?)ir Snel Onmr)( 


r\ cos né, 


o 


Ey 7) = fs" DST’) Bale’ de Bair) 


E, (r) =jwu 


Le )- -E3(r’ )dr’ 


(k3—k*) & 


III. Attenuators of Circular Cross Sectio, 


The normal vector modes are now consid, 


for the circular cvlin 


der of radius a, and leny) 


where i, i, and k are the unit vectors in the dips. 


tions of increasing r, 


6 and 2. 


Orthogonal vector wave functions have jo 


treated by Stratton 


[6], and the normal yer 


modes are most easily obtained by following \ 
treatment, and satisfying the appropriate hou. 
ary conditions. For the interior of a circuly 


evlinder, 


Ea—E; oat 
\ 


| [dew (< 


"( —sin n@ 


r\ cos né 


Fon 


o 


i 


Vamt- 


cos a 
sin n6/' 


EA Rent i, sin = + 


cos né lx lxz 
(Sin ng x Mant) aa k | 


Here, 
u 
An ma a 


and 


» where J, (Uz) =" ‘ 


H=k, wt(S *) 


J, is the nth order 
izing factor, Fam is 


Bessel function. The norma 


Fe V¥4—283 l 
e V4—4837 Cy wd) Ini (Xn mt 


where 65=0, for n#0, and 6—1, for n—0 


The normal vector modes Ey, consist 0! | 


independent, mutual 
verse electric type, 
and the transverse 
designate as Ng. 


cos né 
sin né 


ly orthogonal sets, the mis 
which we designate as M 
magnetic type, which » 


ji |> sin = 
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5 __ Unm "ln — 
Jere, onm— a » J, (Uam) =0 
(lm)\? 
nd Koa “Bin t{- 7) (12) 


fF‘ 





= oy sl z 4 
\ we =—— Px i d sin 
2 cos né 
Ja(dumr) (sin nd ) k | 


‘Y\ ye at d? vl1-+ 6, 


lx 
nm COS d 


When no ambiguity results, the subscripts /, m, 
are omitted and X,.., is written, for instance, as 


The even, odd designations (2), are also 
mitted and one writes ms as m, the even, odd 
esignation being implied. 
Substituting eq 11 and 13 in eq 6, 
E > ST (0?) Mi(r’)dr’ Mo (ri, 
en ae Yar 
mM, 6+ 3_.§2 
d 
jon >> SI (r’)-Ni(r’)dr’NG(r). 
n,m,l (14) 


(lyme 


Call the first summation A, the second B, so 
hat 
E, A+ B. 
Let Ms; =A,,,m%,, sin = 
nmi o d 
here 
oR sin né ‘cos = 
a = ( anat >) J, (ari; “{ cin nO 6]; (rip 
hen 
, 2’ . lez 
2 Sin) sin | 
2S dr’) ary lz dr’ 
—¥+( ') 
(15) 


In appendix I, it is shown that 


, 


wz’ . Iz 
sin sin 


ww d d 


(17) 
+7) 

. sinh (7 Bis ~\ “ye 
7 ; l—e-7d ff 


rhere 4 \ Oe 


Theory ond Design of a Cavity Attenuator 





cos wa 
sin oh 


The normalizing factor is 


te 


seam ed (1468) ¥ 22 nu — ND a (Cam) (12a) 
—sin né 


cos né 


WI. dentin + ) Li + 


(13) 


Substituting the above in eq 15, and substituting 
the value of A,» given in eq 12a, 


— —2y (d—2) 
De~7v? I ° , 
= 1 —e~?r4 


4 “ = 6 
A jou 2 r4 LS )\(e2,,— n®)eJ? *(Uam)Y (16) 
SIT (r’).m(r’)m(r) sinh y2'dr’ 
Let 
—_ cos né 4 
ny | - Rumen (AF (¢ in né i, 
sin né AG i. | (17) 
—cos né 
and 
ny COS no Jr) k 18 
P; -(n no) vests (18) 


Substituting eq 17 and eq 18 in the second sum 
of eq }14, welget 
Pam 
B= jou Sf Ir’). > ° 


a}! 
“(ny sin at sin = 
( r 
(e+ =) (042) 
& 
ln . lez’  Iez 
nr’) ptr) >> fe a. Sa 
Une ORY e) | 
lr Inz’ . Inz 


cos sin 
; ~~ d - d 7 d 
dp(r’)n(r) 20 
—_ 


(PE) (ess 


n(r ‘yar 


Mp(r’)p(r) 


lrz’ Irz 
cos cos 
— d d 


“(es !Z)(roa) oF) 


dr’ (19) 
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Similarly, if eq 17, 18, and 7 are substituted in 
eq 6, 


BE, = SU’) DP. 


nym 
, sin 7 sin 
a(r’)a(r) > Px? —n(r’)p(r) 
=1 24 
x a 
le . Irz , rz 
od sin d cos yal) 
=| n?4 Pr PY F 
& 
lr —Inz sit lez 
@ d cos d sin d ’) (r) 
ai Px P\r )pv 
& 
Px aint 2’ rae we 
op SF” ~d 
>> dr’ (20) 
2 ax ov] 
Mt 


With a little manipulation, E, and B may be 
combined to give 


SF 


n,m 


E, + B: J fa 
WE, 


Inz’ . lez 
d sin d 


a(r’)a(r)” Px? 
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where tmn= \X,.—F 

The field for 2< 2’ is obtained by interchanging 
zand 2’ in eq 22 and 23. 

It is noticed first that the various modes are either 
in phase or 180 degrees out of phase, which is, of 
course necessary, since we have neither resistive 
nor radiation losses. Also, the field does not de- 
crease exponentially with z, but contains a factor, 
(1e7**) which is insignificant at small values 
of attentuation, but becomes appreciable as the 
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Px 
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m2 lxz 
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. t0,08" 

NEE) (1488) 
Thus the contribution to the field from E x 
exactly equal and opposite to part of the conty. 
bution arising from B, so that the total field nyy 
now be divided into two parts (1) a transyers 
electric field, Eyg which corresponds at low {y. 
quencies to inductive coupling, and (2) a transyers 
magnetic field, Ery, which corresponds at 


cos cos 


dr’ 


frequencies to capacitative coupling. Thus 
E;,=A, 
Evy E, T B, and 
Ep ora: E;x T Ery. 


The various infinite sums are evaluated in appends 
IT and Il. When the values of these summations 
are substituted in eq 15 and eq 21, we get for z 
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7 [SI (r’) mim (rtm (7) SINK Yq m2’de 2 


n't) fI(r’)- 
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t 
and 
° posit 
= 
In 
receiving loop approaches the end of the cay!) ogg, 
If the attenuator were used in this way, its calibre: RR 
tion in decibels would not be linear with variate! “_ 
of z. This nonlinearity can be avoided if t« i '* 
attenuator is constructed as illustrated in figure! . 
The exciting loop is fixed relative to a fixed os 


of the cavity, and the receiving loop is fixed to" 
other end which may slide within the cavity, va 
ing its length, so that d—z is a constant. 
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Picure 1.—Schematic drawing of altenuator. 


© "<1, the denominator is independent of d 
and the ratio of Eye for a given mode, for two 
positions of the receiving loop, 2, and 
coer and the nonlinearity is eliminated. 
In general, an infinite number of modes are 
‘Xeited, so that the best one can do to insure purity 
i mode is to use symmetry of excitation which 
vill not excite those unwanted modes with the 
Jowest attenuation factor, and to use large enough 
alues of 2, such that the unwanted modes are 
attentuated. For low enough fre- 


<2, IS 


ufficient ly 
juency, 


Cin 52, , 
\ a —kx _* where J..(7,,,) =03 
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| a 
— * Ge Ww —0 
Tum = gi k - where J, (uy m) =O. 


The first few values of v,,, and u,,, are as follows: 


Uy = 2.405 v1), — 1.841 
U),;— 3.832 M, = 3.05 
Us, — 5.136 U9, = 3.832 
Uo = 5.520 0,2= 5.33 
Ui2 =7.016 V29 = 7.016 


From the above values of u,, and 7, it is at 
once apparent that maximum purity of mode can 
be achieved by exciting the TE, mode, and elim- 
inating the TE,, TE», and TM, modes through 
symmetry considerations. 

Consider the exciting current distribution in a 
plane perpendicular to the axis of the cylinder, 


figure 2. Assume that corresponding to every 











Ficgure 2.—Current distribution in plane perpendicular to 


azis of cylinder. 


current element,J, (79,8, a), Where ro is the distance 
of the element from the axis of the cylinder, @ is 
the angular displacement of its position vector 
with respect to the z-axis, and a@ is the angle 
between J, and the z-axis, there exist corresponding 
current elements, 


J.(ro, r—0, —a), Is(ro, w 4-0, @), Ig(ro, 20—O, — aa). 
Then, it immediately follows that 


SI-m,,dr= Sf I-m,,,d7=0 for n even. 
vu 0 


Further, if corresponding to a positive z-com- 
ponent of current at (ro, 24—@) and (ro, @), there 
exist equal negative z-components of current at 
(ro, —8) and (ry, +8), then SJ-pt,dr=0, for n 
even. ‘ 

In general, if the exciting current symmetry is 
such that the distribution for r<0 is the negative 
mirror image of that for «>0, and if the distribu- 
tion for y<0 is the positive mirror image of that 
‘0, then only those modes will be excited 
for which » is odd. 


for y 


A convenient index of attenuator performance is 
the percentage error made in a measurement of 
voltage as a function of the distance between 


exciting and receiving coils. The computed value 
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Figure 3.—Relative error in measurement of voltage due to 


the presence of unwanted modes. 


a, Unsymmetric source in cireular guide (fig. 5b); b, symmetric source in 


circular guide (fig. 5a); ¢, symmetric source in rectangular guide (fig. 6a): 
d, symmetric source in rectangular guide chosen to eliminate TEy modes 


(fig. 6b). 


iS l 


Vy abe 


wre. mry 
: : : cos sin . 
I?m? n?] a a b 


Vate te 


e 


E, mn ~ 


n . ler 


. mry 
sin sin —,~ cos 
c b 


sin 


1.905CM 





1.905 CM 























a 


Figure 4,—Schematic of exciting and receiving loo; 
circular guide. 


a, Unsymmetric loop; b, symmetric loop. 


of this error at 500 megacycles per second is show 

by curves a and 6 in figure 3 for an attentual 

with symmetrical and unsymmetrical receiving 
and exciting loops (fig. 4). Figure 3 shows that « 
symmetrical exciting source permits a considera!) 
decrease in the insertion loss for a given accurae 
tolerance, over that of an unsymmetrically exeit 

attenuator. 


IV. Attenuators of Rectangular Cross 
Section 


Attenuators of rectangular cross section maj 
be treated similarly to those of circular crs 
section. For a rectangular cavity, whose s, » 
dimensions are a, 6, c, with the origin of coordinates 
taken at a corner, the normalized vector wa 
function of zero curl is 


nm. 


_m. mary . 
-iv+ 7 SiN sin 
c b 


cos 
b 


Journal of Research 





and 


san 
hon 
A 
sha! 
fixe 
the 

mea 
The 
fact 
vali 
larg 


mt 


Th 





Th » independent normalized vector wave functions of zero divergence are 
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Again, when we solve for the field excited by a distribution of current, J(r’), part of the field 
developed into Nin,» functions exactly cancels that part of the field whose curl is zero, so that the 
resultant field, E, may be expressed as the sum of transverse electric and transverse magnetic 
components 
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for the TE, mode, and less for higher modes 
One advantage of an attenuator tube with rec- 

tangular cross section over that with circular cross 

section is that for the former, there is no need to 


r and r refer respectively to the position coordi- 
nates of J, and the point at which the field is 
evaluated 

It will be noticed that Eyg and Eyy have the 


same value of attentuation constant, for the same 
mode numbers, /, m 

Also, in line with our previous discussion, we 
shall assume that the receiving coil is rigidly 
fixed to the movable end of the cavity, so that 
the factor (1Lte-*-2) is cancelled out in the 
ieasurement of the ratio of any two voltages. 
The magnitude of the error introduced by the 
factor (1—e-***) is such, that if the smallest 
value of ¢ used is always greater than 1.5 times the 
larger dimension of cross section, the factor will 


introduce an error of less than 1 part in 10,000 
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discriminate between TE and TM type modes, 
for the same index numbers, /, m, since for given 
values of / and m, the voltage induced in the 


jet 
collecting coil will vary ase V@ B —*? for TM 
and TE type modes, alike. Of course, for tubes 
of circular cross section this is not true, except 
for cases of accidental degeneracy. 
Furthermore, for tubes of rectangular 
section, it is possible to secure greater suppression 
of unwanted modes by a suitable choice of ratio 
of the two dimensions of cross section. The follow- 
ing table enumerates the ratios of attenuation 
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cross 





constants for various modes to that of the lowest 
mode, for various ratios of rectangular cross sec- 
tion dimensions and for circular cross section. 

It becomes apparent that the optimum prac- 
tical ratio in the above table is b'a=3, and that 
this choice allows the unwanted modes to decay 
much faster than for circular cross section. 


TABLE 1.— Ratio of attenuation constant of higher modes to 
that of the dominant mode 
Rectangular waveguide Circular waveguide 
” ” ” ” ” —_ 
Mode . 
oo "7 Roy "To, "Tr Fo "TF, | "Tey — 
b b 
a=? a=0.0b a= a= 
2 : 
TE i l ; ! l TE 
TE 2 2 2 2 1.31} TMea 
The x 3 3 1.66 TEx 
The ! 11 2 ; 208 | TEn, TMy 
TEx 2 22 4 6 278 | TM 
TE», TM 1.41 3.5 22 i 2.9 | TFi: 
Tn, TM; 22 2.4 ‘1 61 30 TM» 


If the exciting current distribution is chosen, so 
that to each element of current corresponds its 
negative mirror image with respect to the plane 


a , = , , , 
z=5; and its positive mirror image with respect 


b — 
»’ then it is easily seen that 


SI’) -P,,. dr’ 
SIU’) Sidr’ 
SIT (0) Qinde’ 


The advantages of employing this type of sym- 
metrical distribution becomes apparent 
when we consult table 1, and recognize that it 
eliminates four out of the first six spurious modes. 

Another advantage of rectangular attenuators 
over those of circular cross section is the ease with 
which current distributions of slightly higher sym- 
metry may be used to eliminate further spurious 
modes, by placing the current elements at the 
nodal points of the undesired modes. The relative 
voltage error for a rectangular attenuator with a 
simple symmetric loop source, and a double loop 
source, (fig. 5) whose position is so chosen that 
modes for which m=3 are not excited, is graphed 
in figure 3. 


to the plane y 


0, for / odd or m even. 


source 
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Figure 5.—Schematic of exciting and receiving loo; ei 
rectangular guide. p. Ce 
a, Symmetric loop; b, symmetric double loop placed at nodes so : 
modes are excited, for which m=3. TI 
V. Conclusion 
TI 
It may be concluded, in general, that attenuators el 
of rectangular cross section have two advanteys 
over those of circular cross section: k+ 
1. Greater symmetry with respect to the don si 
inant mode in the rectangular guide permit on 
eliminate more spurious modes; 2. a slight depar- I. 
ture from symmetry in the rectangular guide is yo 
so serious as in the circular guide, as the spurious 
modes decay more rapidly in the former. 
The author expresses his thanks to Dr, Har 
Lyons for his interest and helpful discussion 
during the course of this investigation. 
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_ On substituting eq 8 in eq 3, with a little algebra we get 
immediately, 
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Theory of Wagner Ground Balance for Alternating- 
Current Bridges 


By Richard K. Cook 


A method is deseribed for getting the Wagner ground balance of an alternating-current 


bridge when used with any three-terminal source. 


The basic idea is to insert impedances 


between the two ungrounded terminals of the source, and the corresponding terminals of the 
Wagner ground arm and the bridge, so as to “balance’’ approximately the currents from the 


source. 


The method is applicable to high-voltage type Schering bridges. 


Such a bridge, 


incorporating the principles of the new method for securing the Wagner ground balance, has 
been designed and built principally for measurement of the small capacitances, about 50 wyuf, 


of some types of condenser microphones. 


I. Introduction 


\ Wagner ground is used sometimes with alter- 
sting current bridges in order to eliminate the 
The same end can 
» achieved by a system of electrostatic shielding, 


fects of capacity to ground. 


i the required shielding can become very com- 
lvated. With a Wagner ground, it is possible 
secure high precision with simple shielding. 

The object of this paper is to show how almost 
y available three-terminal source can be used 
th a Wagner-grounded bridge. The simple 
wory that is usually given assumes that the 
uiree has only two accessible output terminals, 
hich are connected to the two ungrounded input 
vminals of the {1]'. The Wagner 
vind balance is readily found theoretically, but 
metimes it is difficult or impossible to find ex- 
rmentally, particularly in the case of high- 
lage type Schering bridges used to measure 


bridge 


wll capacitances. 

(awa |2] has pointed out that the experimental 
fheulty is due to the fact that available sources 
ily have three output terminals, and the simple 
vory of a two-terminal source does not apply. 
«has given a comprehensive treatment of the 
wral theory of Wagner-grounded alternating- 
rent bridges and has solved the difficulty of 
wing balance by means of a specially con- 


n brackets indicate the literature references at the end of this 
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structed transformer satisfying an electrical con- 
dition which simplifies the Wagner ground bal- 
ance equation. The theory has been applied 
by Astin [3] to a Schering bridge used for precision 
measurement of the power factors of air capacitors. 

The theory given below shows how almost any 
available three-terminal source can be used, thus 
obviating the need for a special transformer. 
The theory is applied to the design of a high- 
voltage type Schering bridge for measurement of 
the small capacitances of condenser microphones 
at frequencies between 500 and 10,000 ¢/s. Such 
capacitance measurements are required when 
making absolute calibrations of condenser micro- 
phones by the reciprocity technique. 

It should be pointed out that there are other 
ways of securing Wagner ground balance. For 
example, in a high-voltage type Schering bridge 
for capacitance measurements at power-supply 
frequencies, which has recently become commer- 
cially available [4], the Wagner ground balance 
is obtained by adjustment of the amplitude and 
phase (relative to ground) of the voltage applied 
to one of the input terminals of the bridge. 


II. Theory of a Wagner-grounded Bridge 


The basic idea of the new way for getting 
Wagner ground balance is as follows: In the 
circuit shown in figure 1, suppose the bridge to 
be balanced, so that points B, and B, are at the 
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THREE - TERMINAL WAGNER Brioce 
SOURCE GROUND 
ARM 
Ficure 1.—Circuit diagram of Wagner-grounded alternating- 


current bridge. 

same potential. Hence a,b.—a,b,. Suppose also 
that 7;=/.; the wire By@ will then carry no cur- 
rent. This will be referred to as the balanced 
ground-current condition. It is clear that this 
assumption eliminates the effect of 2, so that the 
simple bridge theory will apply. The third 
assumption is that a,w,=a,7,. Then it follows 
from these three assumptions that the Wagner 
ground is balanced, or that points By, and B, are 
at the same potential. If e,=e, the balanced 
ground-current condition can be realized by 
adjusting 2, and 2 so that 2,+ 2,’ plus the parallel 
combination of a,, 6, and w,, is equal to 2,4 2," 
plus the parallel combination of a., b., and wy». 

The mathematics needed for proof of the fore- 
going statements can be obtained from Ogawa’s 
article, but a simplified derivation might be of 
interest. We assume a more general condition 
in which the ground-current might not be bal- 
anced, so that 7, is not necessarily equal to 7,, but 
in which the potentials at B,, B,, and B, are the 
same (Wagner ground and bridge balanced). 
Also, we assume ¢, is not necessarily equal to é. 

Before proceeding, a few words about three- 
terminal sources are in order. Ogawa has shown 
by a generalization of Thévenin’s theorem that 
any three-terminal source can be represented by 
the network shown in figure 1. Subsequently 
a more general proof was given by Starr [5]. An 
equivalent network of this type applies whenever 
the potentials of the terminals are linear functions 
of the three currents through the terminals. 
Whether or not the network can be applied to 
a source that is available in the laboratory is a 
question that can, of course, be answered only by 
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experiment. The simple bridge the: Which is 
usually given tacitly assumes that 2, © _ 
By virtue of the bridge balance, ¢! 
figure 1 can be replaced by the simpl.» cireyi; ,y 
figure 2, in which the impedance s, is | |e paralld 
combination of a, and 6,, and xs, is 
combination of a, and bb. Also, sF I 
7.=2.+-2)'. As in figure 1, the detector imped. 
ance is not indicated, as it has no current at hy. 
ance. Application of Maxwell's loop equating 
to the network yields the following eq ations 


circuit o 


C parallel 


(w, + Z, + 29)%; — Zot2— Wyi3 —€, — 0 
in 
— Zot) + (Wy + Zy+ Z)t2— Weis —e2— 0 | 
. . eq 
Wt, + O— (w+ 8))i,+-0—0 
, th 
ta 


0+ woig— (Ww. + 82)7,+0=0. 


As these equations are linear and homogeneous y 
(7), 72, %, 1), the necessary and sufficient conditijfiiiiw! 
for a nonzero solution for (7,, 72, 75, 1) is the vu. 
ishing of the determinant of the coefficient: 











ww, ie tT Zo — Ze —W, " 
fle 
—2 UW. + Zot 2 —v F to 
im 
Wy 0) — (WW, + 8; () ph 
0) Wy — (a) + 8) 0) 
un 
Expansion of the determinant yields the funimm'l 
mental balance equation, 
Soe, (& 8&8 
So i Sooo ( 2 x» 
“ E 2+ W» + Wy Wy 
, 8,4, ( $2 4 ) 
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Figure 2.—-Simplified circuit diagram of Wagner-groi™ 


bridge. 
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sically the same as Ogawa’s eq 62. 


which Is os 
‘hen eq 1 show it is necessary that 


i If ¢; 
“recut of 

PIrcuit of So 8) 
e parallel Ww, wy 
» parallel 

ion, €; =, then eq 3 reduces to 


If in add 
r IM ped. 


it at bal. 82,02 y 


4+ 


Z.+ 8, W, 


(5 
™ 82+ We 9) 


ations aT 
tions 
This is the algebraic form of the statement made 


in the first paragraph of this section. 

Suppose that 29>. Then it is found that 
eq 3 reduces to eq 4, provided ¢;+-¢,#0. This is 
the usual Wagner ground balance condition ob- 
tained by application of the simple theory. 


We define the unbalance voltage to be the 


amount by which Vj, exceeds ground potential 
when the Wagner ground is not balanced. This 
the vani/quantity is needed for studying the convergence 
nts of the sequence of balancing operations. It is 
justifiable to ignore the impedance of the ampli- 
fier-detector system which might be employed 
The reason for this is that the 
impedance will affect only the magnitude and 
phase of V., and will not affect the convergence 
of the sequence of balancing operations when the 
unbalance current is small in comparison with 
We find 


ro kfofortt a(S 2) 


; y 8,Z, & & \ | 
7 [s tZt Ww, +( w, We )eo \’ 


6 to observe Vie. 


the main bridge currents. 
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The way in which eq 3 was derived shows it to 

a fecessary condition for Wagner ground 
wilanee. Equation 6 shows that eq 3 is also 
ufficient, if A¥0. 
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Figure 3.—High-voltage type Schering bridge with Wagner 
ground, 


III. Application to a Schering Bridge 


The application of the Wagner-grounding tech- 
nique described above to a high-voltage type 
Schering bridge, which is useful for measuring the 
capacitance of condenser microphones, is easily 
accomplished. A circuit diagram for such a bridge 
is shown in figure 3. Here (, is the parallel com- 
bination of the two capacitances in the high- 
voltage arms, and R, is the parallel combination 
of the two resistances in the low-voltage arms. 

It is important to study how the Wagner ground 
balance is obtained when the circuit parameters 
are varied. A practical advantage of the Schering 
bridge is that balance can be obtained by variation 
of capacitance only. The Wagner ground balance 
of the Schering bridge circuit shown in figure 3 can 
also be obtained by variation of capacitance only, 
as the following analysis shows. 

As before, we shall suppose that both the bridge 
and the Wagner ground are balanced. Also, we 
make the following simplifying assumptions, which 
can be readily fulfilled experimentally. (1) The 
three-terminal source is the secondary of a center- 
tapped transformer. (2) The transformer is sym- 
metrical enough so that ¢,=(1+a+tj8)e,, where 
a<<l and B<<1. (3) The terminals of the 
transformer secondary are externally connected 
to the center tap by equal low resistances, so that 


2,’ = 2’, and 


2,’ and 2,’ are positive 
resistances, but 2)’ is a negative resistance. In 
what follows there will be no loss of generality in 
supposing that 2,’ is included in r,, and 2,’ is 
included in the residual of ¢. (4) ¢;, ¢, and C, 
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are variable capacitors whose residuals are small, 
and r;, 72, and R, are fixed resistors whose residuals 
are small. 

First we shall suppose that all the small quanti- 
ties a, 8, and the residuals of the impedances are 
zero. Hence ¢,=¢. The object of this is to 
find the approximate values of the adjustable 
capacitances ¢, and ¢. Application of eq 3 to 


the circuit yields 
R, ri +( ae — 22/4 noe) | 
| (7) 


1 R, | 
=A i+ ) ~ ll , 


The first of these corresponds to the real part of 
eq 3, and the second corresponds to the imaginary 


part. Solutions of eq 7 for ¢, and ¢ are as follows: 
22h, 
R,—r,+ ff . y 
ct; rs ( I> 
Pr, +22 (8) 
_ Trt 
C, ( “+1 yer. 
12 
These equations indicate that if 
22 9. 
r, +22) >0, and R,— n+ 2 0, (9) 


the Wagner ground balance can be obtained by 
variation of capacitance only. The balance is 
independent of frequency. 

It is to be noted that ¢, can be adjusted to 
satisfy the real part of eq 3, and ¢, can be separately 
adjusted to satisfy the imaginary part. This, 
together with eq 6, shows that the Wagner ground 
unbalance voltage, which is a vector in the com- 
plex plane, can be reduced to zero by a series of 
steps, successive steps being mutually perpendicu- 
lar. This is a highly desirable property of a 
sequence of balancing operations for an alternating- 
current bridge. 

The unbalance voltage can be reduced to zero 
by adjustment of other pairs of parameters 
besides ¢, and ¢. Equations 7 show that variation 
of r,; and ¢ will also yield successive voltage steps 
that are mutually perpendicular. However, all 
other pairs will yield successive steps, which in 
general are not mutually perpendicular, an ex- 
ample of which is the combination r, and ¢. 
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The pair r,, ¢; cannot be used at all to , 
as the second eq 7 contains neither of 
meters. 

A more detailed analysis in which @, 3, and +), 
residuals are not assumed to be zero <jows the: 
the Wagner ground balance ean still be secured \y 
variation of the capacitances ¢; and ¢ only, Hoy. 
ever, the successive steps in the unbalance voltay 
obtained by varying ¢ and ¢ successively, yy 
vectors which are not quite perpendicular to oy, 
another. 

It might be inconvenient to select the cireyy 
parameters so that the inequalities (9) hold jf, 
center-tapped transformer is used as a source, x 
for such a transformer, 29 is a negative resistane 
An examination of the fundamental balance oy 
shows that the effect of 2 disappears if tl 
condition given by eq 4 holds. When this con. 
tion is applied to the Schering bridge cir) 
discussed above, we find 


t balan é, 


ese para- 


a=)» r; - | R, @ ot+C,. 

It is understood that 7, includes the resistiv: 
pedance 2,’.. The ground current is balanced 
this case. 

Another possibility is to introduce a_positiy 
external resistor, whose magnitude is (2), at thy 
center tap of the transformer. This would, » 
effect, reduce 2) to zero, and the terms in 4 
containing 2) would vanish. 

Still another possibility is to use two simile 
transformers driven by the same oscillator. T! 
transformers would have to be arranged so tha! 
there is no mutual induction between them. T! 
use of buffer amplifiers might also be requir 


between the oscillator and transformers. Tl 


whole arrangement can be converted into a thire- 


terminal source having z>=0 by connecting 
terminal on the secondary of one transformer | 


a terminal on the other. 


IV. Description of a Bridge 


A Wagner-grounded Schering bridge, based 
the principles outlined above, has been construct 
in our Sound Laboratory. The bridge is the his! 
voltage type and has been used mainly to meas 
condenser-microphone capacitances, which # 
about 50 puf, at frequencies ranging from ° 
to 10,000 c/s. Accuracy of the order of 0.1 pm 
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btained, but the microphones must 
converted into three-terminal im- 
vances by means of a grounded shield in order 
) realize this accuracy. The source is the center- 
put transformer of a commercially 
ailable beat-frequeney oscillator. The circuit 
the high-voltage type bridge easily allows the 
troduction of the direet-current polarizing volt- 
» needed for condenser microphones. 

The resistance arms of the bridge are fixed 
jstors, each of about 50,000 ohms. The 
pacitance arms have the unknown condenser, 
ually about 50 wef, and a standard condenser, 
siahle over the range 40 to 60 puf. Hence (, 
« fig. 3) is about 100 wuf, and 2, is about 25,000 
ms. The condensers ¢, and c, are variable up 


nt can b 


course 


pped ou 


about 1.000 pul, and r; and lr, are each ap- 
oximately 3,000 ohms. 
, 


The three-terminal source has 2,’ and 2’, which 


eory of Wagner Ground Balance 


are mainly resistive, both approximately 800 
ohms. The impedance 2 is also mainly resistive, 
and is approximately —400 ohms. The voltages 
e, and e¢, are closely equal, both in magnitude and 
phase, and are about 8 volts for frequencies 
between 500 and 10,000 e/s. 
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these reactions. 


the zine anodes of dry cells. 


I. Introduction 

One of the reasons advanced for the decreased 
helf life of eleetric dry batteries at high tempera- 
ures is the deterioration of the paste wall, or its 
teraction with various constituents of the cell. 
Leclanché dry cell consists of a zine positive 
lement, a carbon negative element surrounded 
vy a depolarizing mix of manganese dioxide, and 
paste-wall separator usually consisting of starch- 
An electrolyte of saturated ammonium 
iloride with low concentrations of zine chloride 
Acetylene black is added to the 
epolarizing mix to render it more conducting and 
bsorptive.! 

Otto, Vinal, and Ostrander [1]? have shown by 
igestion experiments that the paste walls of 
ry cells react with the depolarizing mix of 
dioxide. As digestion experiments 
not be used to determine the rate of duration 
{ the interaction, another method, such as the 
easurement of gel strength, must be used for this 
urpose. One of the purposes of this paper is to 
iow how gel-strength measurements may be 


our gels, 


generally used. 


Wnganhese 


mn of a Leelanché dry cell, including a diagram, see E. Otto 
. Moret «, and G, W. Vinal, Trans. Electrochem. Soc. Preprint 
. r pamphlets of battery manufacturers. 

kets indicate the literature references at the end of this 


aste Walls and Shelf Life of Dry Cells 


Paste walls of most dry cells consist of starch-flour gels. 
studied by means of gel-strength measurements and correlated with the shelf life of dry 
cells. Interactions were observed between the paste wall and the dry-cell electrolyte and 
Attempts were made to eliminate or retard 
These included the use of addition agents, of different varieties of starches 
and flours, of modified starches, and of fractions of natural starch and natural flour. Only 
the flour fractions, gliadin and mesonin, in different states of polymerization were found to 


the depolarizing mix of manganese dioxide. 


give an increase in the electrical output of dry cells. 
in the electrical output of dry cells made with different starches, and the use of modified 
starches and starch fractions decreased the electrical output of dry cells. 
effects of the flour fractions were attributed to their action in curtailing the local action at 


orrelations of the Gel Strength of Paste Walls and the 
Shelf Life of Electric Dry Cells 


By Walter J. Hamer 


Their chara¢teristics were 


No significant differences were found 


The beneficial 


applied to studies of the paste wall of dry cells. 
Characteristics ofthe paste wall determined in 
this way are then correlated with the shelf life of 
the dry cells. 

Because of the interaction of the paste wall and 
other constituents of the dry cell, it would appear 
that substitutes for the starch-flour paste wall 
would be the answer to the deterioration of bat- 
teries at elevated temperatures. However, other 
materials have, in general, proved to be even less 
satisfactory, either because they are corrosive, 
increase the internal resistance of the cell, exhibit 
syneresis, or are precipitated or otherwise affected 
by the cell electrolyte. For this reason, a thorough 
study of the characteristics of starch-four gels was 
undertaken and the results are presented in this 
paper. 

The paste wall is made in a number of ways, and 
various formulas are used in its preparation. In 
this work a definite formula was rigorously ad- 
hered to throughout, so that interpretations of the 
results could be readily made. The paste walls 
consisted of approximately 8 g of zine chloride, 30 
g of ammonium chloride, 66 g of distilled water, 
0.1 g of mercuric chloride, and 29 g of a mixture of 
cornstarch and wheat flour in a total volume of 
108 ml. 
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II. Experimental Procedures chlorides of the dry-cell  electroly 


Case 


. a 
“¥ . cre Th) » etre r = oe ale — 
1. Stability ® of Starch Gels in Presence of Dry- . crease cs the stre ngth of starch gels, resumaby 
. ec se s » rac ) "Pe . 
Cell Constitutents ecause of some interac tion between these si) 
and the cereal. Additions of MnO, ©» acoty), 
A large number of gels, simulating the paste wall black, which are insoluble, give an » parent 
“4: . ’ , ae =) i en 
as to composition, were prepared, and after aging crease in the strength of starch gels, }ooay r ' 
an stra . prea . ot , . ; —" a "v i 
their gel strengths wert mena by a method — contribute to the concentration of {he cels al 
previously described [3]. These data served as would additional cereal. 
standards or controls. Then gels were made in Interactions between the paste wall and oy) 

- < o + - 
like manner in whi h various constituents of the constituents of the dry cell are more clyijflh ' 
dry cell were incorporated. The strengths of shown by relative changes in the stre neth of the : 
these were also measured after aging and com- — gels with time. In figure 1, the ratios of 11 : 

. ° ° ’ tlt 
pared with the standards. Data are given in strength of aged gels to unaged ones of the a ; 
"= = — 920 m4o : ene —" 
table l for te mpe ratures of 25 and 54 ( ° As composition, expressed as percentages, are showy Q 
star h gels are irreversible, ea h value represents @ as a function of aging or storage time. Thi! 
single measurement on an individual gel. A figure is largely self-explanatory. All gels . 
- i ye eee one , aoe , a . ~ -_. 
temperature of 54° (¢ was chose n for the tests, crease in strength as they are aged owing oil § 
“* 4° , , “on — "geree , » Te : : bs 
because tempe ratures this high were om ountered deterioration of the starch, and the rate is wf ¢ 
in the tropics during the past war. Comparisons proximately the same for the control gels as fy 
of the strengths of gels containing no salts with — those made with zine dust or stored in zine cays 
those that do, show that the zine and ammonium and for those in which acetylene black is inn. 
One of the factors affecting the stability of gels is syneresis. Therefore, the porated. Consequently, interactions between ¢! 
syneresis of a large number of gels was measured by the mothod of Chapman paste wall and zine or acetvlene black must | 
and Buchanan [2]. None of the gels presented in this work, whether or not . 7 . . 
they contained zine, acetylene black, or MnO», exuded water over a period of slight. On the ot her hand, the gels contamiuy 
l year. Only when the concentration of the cereal in the gels was less than no salts decrease in st rength less rapidly and thov 
§ to 9 percent was synersis observed, and this concentration of cereal is much “—— ° > Fi 
less than that used in the preparation of paste walls of dry cells containing Mné ), more rapidly than the standard 
TABLE 1.—Gel strength* measured at 25° C of paste walls mired with constituents of dry cells ) 


Composition of paste wall* Days of storage 


ly pe of paste wall 
I I 


Weicht, Weight, Weicht, Weicht, » 





starch water ZnC ly NH,CI 0 4 ; 4 21 30 " fi 
7] q g g agiem gicm- acm? gem? gicm gem geom 

Control at 25° C 29.20 5, 67 &. 13 30. 27 526 520 520 OS 4a7 41 46s 475 ws 
Control at 4° C 20.2 65. 67 8.18 30. 27 526 520 ay Sas 452 468 445 tt 
Starch alone without electrolytes at 

25° C 2.2 SA. 17 0.00 0.00 671 655 651 Hy 651 Hi ttl 637 
Starch alone without electrolytes at 

sw’ C 2. BD SA 17 oo Oo 71 670 Has Ha 627 mo i fi2 
Control+ 10 grams of MnO, at 4° C aw 45 7.08 29.71 916 sti) 77s 712 TOO Cs 1) #2! 
Control+ 10 grams of MnO»)+ 10 grams 

of NapSO,; at 4° C 27. 67 62.19 7.70 28. 67 927 9068, s a2 T52 Hu! 
Control+10 grams of Mn0O:+1.9 

grams of borax at 4° C 2s. 36 62. 89 7.9 20. 40 SAH SSS sud 7H 745 44 He 4 
Control+ 10 grams of MnO,+ 10 grams 

of glucose at 34° C aw oO” 7.49 27.89 b 872 ONY 311 
Contr ol +10 grams of MnQ)+ lWgrams | 

of dextrose at 4° C mw wo. % 7.49 27. 89 » S77 572 285 
Control+1 gram of acetylene blacke 

umec a. 45 7. 9% 29. 71 551 M7 505 414 
Control in zine can at 4° C 29. 20 65. 67 8.13 30. 27 526 520 Som 4 47000 «At 379 3 467 
Control+1 gram of zine dust at 4° C 2. 66 4.45 7. o8 29.71 492 485 461 435 . 





. e 
*All pastes contained 0.1 g of HgCh, which acts as a preservative n 


>CGassed with evolution of CO; it) 
eAcetylene black does not wet well. A few drops of butyl! cellusolve, a wetting agent, were added. 
4Adhesion between zine and gel was poor. 

12 days pe 
tls days 
*Weight of mercury divided by area of disk having a diameter of 0.95 em (4% in.). a 


or 
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m4 7 tT 7, 
i] 
(Aqueous Paste at 25°C) 
—— ——_ 
(Aqueous Paste at 54°C) | 
Control at 25°C O 
90 a ~ 


Control at 54°C 
1 








PERCENTAGE OF ORIGINAL GEL STRENGTH 
ts] 
Tt 








70e 
Paste +MnO, 
+glucose 7 i 
Paste + MNO: (Paste + MnO, ) 
+dextrose 
60 i i i i i 
0 iS 30 45 60 75 90 


TIME —DAYS 


Fiovre 1.—Percentage decrease in gel stength of cornstarch 
paste wells in presence of constituents of dry cells at 25° 
ind 54° C 

D. Control at 25° C; @, control at 4° C; &, starch paste wall without elec- 


vtes at 25° C; ©, starch paste wall without electrolytes at 4° C; @, 

i with 10 ¢ of MnO» added at 44° C; ©, control with 10 g of MnO», 

1 0g of NasSOy added at 54° C; ©, control with 10 g of MnO: and 1.9¢ 

borax added at 54° C; §, control with 10 g of MnO: and 10 g of glucose 

ided at 4° C; ©, control with 10 g of MnO, and 10 g of dextrose added at 

a | control with 10 g of acetylene black added at 54° C; 0, control 
tored in zine can or with | g of zine dust added at 54° C. 


Therefore, the salts (ZnCl, and NH,Cl) and MnO, 
apparently react with the cereal causing a de- 
crease in the strength of the gels. MnO, must 
react either directly with the starch or its hydro- 
lytic produets. When glucose or dextrose, hydro- 
lytie produets, are incorporated in starch gels 
contaming MnQ., there is a rapid evolution of 
CO, with an attendant large and rapid decrease 
in the strength of the gel. The decrease in gel 
trength is caused in part by the fact that the 
evolution of gas makes the gels porous. 

All gels whether or not they contain constitu- 
ents of the dry cell seem to attain stability within 
) to 90 days, as the decrease in gel strength 
ceases within this time. Tests for much longer 
periods of time at 54° C could not be made, be- 
‘ause gels become desiccated after 4 to 5 months 
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at this temperature. However, the reaction 
between MnO, and starch is quite marked during 
the first 60 days, and the problem resolves it- 
self into finding ways by which this interaction 
may be either eliminated or retarded. Possible 
approaches to this problem include (1) the use of 
addition agents that will retard the hydrolysis 
of the starch, (2) the use of other types of starch 
or flour instead of cornstarch or wheat flour, 
(3) modifications of the starch to decrease its 
reducing power and hence its interaction with 
Mn0O,, (4) the use of the amylose or amylopectin 
fractions of starch, or (5) the use of the constitu- 
ents of flour, namely gluten or its protein frac- 
tions, rather than the natural flour. Each of 
these possibilities is considered in the following 
sections. 


2. Stability of Starch Gels in Presence of Addi- 
ion Agent and Inhibitors 


Neutral sulfates are believed to retard the 
hydrolysis of starch [4], and borax is known to 
increase the viscosity and adhesiveness of starch 
pastes. However, neither of 
effective in retarding the hydrolysis of starch. 
The slight benefits of these salts indicated in 
figure 1 are not significant, because these salts 
raise the strength of starch gels not containing 
MnO,. Other salts might be used, but in general 
most addition agents decrease the stability of 
starch gels and have deleterious effects on dry 
cells. Therefore, this approach to the elimination 
of interactions between the paste wall and the 
constitutents of the dry cell is not promising. 

In preparations of the paste wall, mercuric 
chloride (see formula given in the introduction) is 
frequently added for the purpose of reducing the 
local action at the zine anode. Chromates or 
chromate films are sometimes used in place of 
mercuric chloride. Neither amalgamation nor 
chrome films are as effective as is essential for 
good shelf-life at high temperatures [5] and other 
materials have been suggested as inhibitors of the 
corrosion of zinc. Their choice is largely a matter 
of trial and error and to study a large number 
would be a prohibitive task. An elimination may 
first be made by studying the effects of the in- 
hibitors on the paste wall. 

The inhibitors were incorporated into the paste 
wall by grinding the inhibitor with the starch 
using a minimum of alcohol, which was then 


these salts was 
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allowed to evaporate at room temperature. 
Heating of an alcoholic-inhibitor-starch mixture 
causes a decrease in the strength of the starch and 
was avoided. The starch-inhibitor pastes (pastes 
A) were made using the formula given in the in- 
troduction, corrections being made for the amount 
of inhibitor added, so that the ratio of starch to 
ZnCl,, NH,Cl, and H,O and the concentrations of 
ZnCl, and NH,Cl were the same as in the non- 
inhibitor pastes. Data for starch gels containing 
inhibitors are given in table 2, and for wheat-flour 
gels containing inhibitors in table 3. Data on 
pastes (pastes B) made using the formula given 
in the introduction without regard to density 
corrections are given for the starch gels. Data 
for pastes A and B are not very different. 


TaBLe 2.—Data showing the effect of inhibitors on the 


strength of cornstarch gels at 25° C 


Weight of 
mercury 


ry required to {Gel strength * 
hibitor pull disk | 
Inhibitor per 100 from gels | 
g of j 
starch 


Paste | Paste | Paste | Paste 
A> Be; A B 


| 
| 


g q gicm? = g/cm? 
Control 0.00 375 375 | 526 526 
K.Cr0 1.00 431 | 64 
Do 200 14 637 
Do 3.00 467 | 655 
Do 5.00 451 | 675 
Nay CreO;.2H,0 2.28 452 | 634 
Do 5.69 479 672 
(NHgeCrmod 3.00 5 | 642 
Do 4.00 4758 670 
KoCrO, 3.00 446 | 626 
Do 5.00 452 O34 
Do 10.90 WH ‘a7 
ZnCrO, 5.00 457 41 
Do 10. 00 446 | 626 
Furfural Om 38Y 380 | 346 533 
Do 5. 00 ju Sil 721 787 
Do 10. 00 524 371 735 520 
Hydrofuramide 0% 358 362 m2 SOS 
Do 3.00 2s6 309 401 433 
Quinaldine 2.00 305 | 554 
Do 5.00 361 Ae 
5.00 Pt) 33 2s eu 
5.00 11 il4 142 160) 
5.00 133 143 IST 21 
5.00 176 198 247 278 
Proprietary compounds of un- . : pitas 
known composition “— 7” = = “0 
200 340 355 v7 498 
5.00 318 357 446, 5O1 
3.00 24y 26 aay 373 
5.00 192 216 any 303 








* Weight of mercury divided by area of disk having a diameter of 0.95 
em (4s in.). 

» Corrections for densities of constituents of paste were made 

* Corrections for densities of constituents of paste were not made 
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TaBLeE 3.—Data showing the effect of inhi’ ‘org oy 
strength of wheat flour gels at 25° ¢ 


the 


Wei 
of m 
Inhibitor, cury 


Inhibitor Per 100g | quire: 

| of our (pulld 

| fror 

gels 

g g 
Control 0.00 2) 
K,Cn0 3.00 2 
Do 5. 00 27 
Do.. , 10.00 242 
NarCrO; H,O 3.81 278 
Do 5. 69 2n2 
Do 11. 38 252 
(N HajeCrO 8.00 2n2 
Do 10.00 a 
KeCrOy 3.00 241 
Do 5.00 243 
Do 10.00 229 
ZnCrO, 5.00 237 
Do 8.00 249 
Do 10.00 ne 
Furfural 5.00 204 
H ydrofuramide 5.00 219 
Quinaldine 5.00 239 
CKM wheat flour ¢ 0.00 250 
be 0) 258 
1.00 257 
1.00 233 

Proprietary compounds of unknown ‘ 

3.00 234 
composition. 5.00 in 
5.00 18 
| 5.00 180 



















* Corrections for densities of constituents of paste were macdk 

» Weight of mercury divided by area of disk having a diameter of 
(46 in.). 

¢ Treated with methanol; prepared by C. K. Morehouse 


The chromates and dichromates increase |! 
strength of both types of gels, and the increase 
about the same for cations K*, Na*, NHj, o 
Zn**. On the other hand, with the exception o! 
furfural and possibly quinaldine, the other m- 
hibitors (proprietary compounds of unknow 
composition) lower the strength of gels. Ths 
decrease in the strength of stareh-inhibitor gels 
indicates an interaction between the starch an 
the inhibitor. Dry cells made with paste walls 
starch-inhibitor gels were not satisfactory and gav 
less electrical output than cells without inhibitor 
[5]. Cells made with furfural and quinaldin 
substances which increase the strength of th 
paste wall, had low flash currents indicating hig! 
internal resistance [5]. 


3. Paste Walls of Different Starch Types 


Different varieties of starches or flours ma) 
function differently as paste walls. Therefore. « 
number of gels, simulating the paste wal! of (" 
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mposition, were made with different 
arieties of starch or flour and aged for 1 day. 
heir strengths were then measured using disks 
aving a diameter of 0.95 em (% in.). The data 
re given in table 4 and are shown in figure 2 as 
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1OURE 2.— Gel strengths at 25° C. of various paste walls as 

tion ol function of the percentage of wheat flour in the paste 

ler Ml 

know! 
This 


iunetion of the percentage of wheat flour in the 
Paste walls of widely different strengths 
iay, therefore, be made by varying the percentage 
{ flour in them or by using different kinds of 


‘h and 
alls of 


dgave HPtarch. Very rigid gels are obtained with defatted 
ibitors HBPornstarch, and nonrigid and tacky gels are ob- 


Addition of flour 
wers the strength of defatted cornstarch gels 


aldine lined With waxy cornstarch. 
of the 
g hich Prd raises the strength of gels made of waxy 
rnstarch 

In figure 3 the resistance to deformation of gels 
ade of pure starch or flour is shown. The 
ethod by which these curves are obtained was 
escribed previously [3]. The slope up to the 
teak in the curve gives an indication of the re- 


2S 
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TABLE 4.—Gel strengths at 25° C of several standard pastes 
for construction of dry cells 


Weight of 


Weight of Mercury | 


Weight of required Gel 


Starch or sample sample wheat to pull | strength 
our disks } 
from gels 
= 7 | 
g g g | glem? |} 
29. 20 0.00 375 526 
26, 28 292 354i wo | 
Cornstarch 19. 67 9.53 320 449 | 
14. 14.60 7 403 
0. 53 19. 67 218 | 309 | 
Wheat flour 20. 20 226 317 
29. 20 0.00 305 555 | 
Wheat starch | 19. 67 938 333 407 
14.60 14.00 301 422 
29. 20 0.00 34 ss | 
Waxy cornstarch | 19. 67 9. 53 wi 135 
9.53 19. 67 15s 222 
29.20 0.00 67 4 
Cassava starch | 19. 67 9.53 131 Is4 
14. 60 14.60 158 221 
29. 20 0.00 74 w4 
Arrowroot starch 4 19.67 9. 53 254 3M) 
4% 14. 244 342 
20. 20 0.00 233 $28 
Idaho potato starch 19. 67 9. 53 231 $24 
| 14.00 14.00 231 $24 
20. 20 0.00 207 417 
19. 67 9. 53 273 $83 
‘laine potato starch | 14.60 14. 60 onK 262 
| 9<£ 53 19. 67 24s 448 
2.20 0.00 340 477 
Sweetpoteto starch 19. 67 9. 53 280 4065, 
9. 53 19 67 25) 3M) 
| 20. 20 0.00 Iso 253 
Rice starch 19. 67 9. 53 200 2s! 
| 4 14.60 2s 2u2 
29. 20 0.00 202 283 
Sago flour | 19. 67 9. 53 210 295 
| 9. 53 19. 67 219 307 
. { 29.20 0.00 1s 2 
Gum gluten | 14.60 14. 60 121 171 
| 29. 20 0.00 Mil 787 
Defatted cornstarch 19. 67 9. 53 428 ooo 
| 14.60 14.60 oti 513 


* Weight of mercury divided by area of disk of diameter 0.95 em (3s in 


sistance a gel offers to deformation. A large slope 
means that the gel is less rigid than one having a 
small slope. Thus waxy cornstarch makes paste 
walls that can be easily deformed, whereas corn- 
starch gels resist deformation. 

To ascertain if the shelf life of dry cells is de- 
pendent on the strength of the paste wall, or if 
the extent of the interactions between the paste 
wall and dry-cell electrolytes and MnO, may be 
different for various varieties of starches, a num- 
ber of D-size dry cells* (1'; in. diameter and 2', 
in. in height) were constructed with paste walls of 





See Letter Circular 267, National Bureau of Standards (1941) for a classi- 
fication of electric dry cells of the Leclanché type. 
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TIME - MINUTES 
Ficurt 3.— Deformability (scale reading») of paste walls of 


different starches at 25° C. 


different starch type. Shelf-life data are given in 
table 5 for a storage period up to 2 years. The 
data do not indicate that one or another type of 
starch is preferable for construction of paste walls 
nor that the interactions between the paste walls 
and the other constituents of the cell are signif- 
icantly different for various varieties of starches. 
Cells with paste walls of waxy cornstarch of low 
gel strength performed similarly to those with 
paste walls of cornstarch of high gel strength. 
Consequently, the shelf life of dry cells is not de- 
pendent on the strength of the gel, providing it 
retains stability. This does not imply that dis- 
charge characteristics under various current drains 
will be the same for different kinds of starch; the 
data here obtained apply only to shelf life. 


4. Paste Walls of Modified Starches 


In section I, it is shown that natural starches 
and MnO, react chemically, and in section II, 3, 
natural starches of various kinds behave similarly 
in dry cells. Starch granules consist of chains of 
glucose residues with primary and secondary 
alcohol groups, glycol groups, and reducing alde- 
hyde end groups. Reaction of MnO, and starch 
may be at any of these groups [6], but it is prob- 
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ably most pronounced at the aldehyde ond gry» 
It is possible, therefore, that dry cells with ides) 
characteristics would result if the sta 
the paste wall 
reducing power. 

A number of modified starches were stydiy 
Each one was characterized by the strength of ™ 
gel (table 6) and the resistance each gel offered y 
deformation (fig. 4). The method of modifieasiy, 
of the starch is listed in the second colump « 
table 6. The strength of starch gels is increas 
when the fats adsorbed on the starch granules y» 
removed. The strengths of the gels made wi) 
the other modified starches are less than thos 
made with unmodified starches. Apparently, mos 
modifications of starch fracture the starch granul« 
causing a decrease in their strength. 

A number of D-size dry cells were made wi) 
Data for 
storage period up to 2 years are given in tab) 


h Used jy 
were modified to decrease 


paste walls of modified starches. 


for modified starches, and in table 8 for starelys 
plus wheat gluten or fats. Dry cells made wi) 
defatted starches and 4601 cornstarch have shell. 
life data comparable with that of dry cells mad 
with natural starches. On the other hand, 
cells made with paste walls of other modi 
starches were less satisfactory than cells conta- 
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Ficure 4.—Deformabilit, (scale readings) at 25° ©. 0! 
walls of different modified starches. 
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te 5.—Shelf life data at 21° C of D-size dry cells containing different kinds of starches and flours*® 


STOUD 
better 
Storage period 
used 
f the Num- 
ASO its , |" por il © ber of 1 week Imonth 3months 6months 9% months 1 year limonths IS months 21 months 2 years 
- i 
cells 
ocve FC «© OCV FC OCV FC OCV FC OCV FC OCV FC OCV FC OCV FC OCV FC OCYV FC 
tudy | 2 
hy of ‘ here } t amp t amp t amp e amp t amp t amp v amp t amp t amp t amp 
( en a8 | 1.63 | 6.7) 1.30) 61) 1.58 | 5.6) 1.58 | 5.0/ 1.57| 51 | 1.57) 4.4] 1.56 | 3.7 141.54) 3.5 41.56 | 27 
ered t W he flour, 33°; j 
; Cor uch, 4; 
Watioy orns . 
bide Waxy cornstareh, 4/1 1.64/ 7.0) 1.60/68) 1.58/)60/ 1.58) 53) 1.57) 50) 1.57 | 4.9) 1.56) 44) 1255 / 5.0) 1.57) 5.1 
IM of ‘ 
W he flour, 33°; 
Cease Cornstarch, 33. 3% 
ales an Waxy cornstarch, 5 | 1.66) 7.1! 160) 67) 1.58 | 54/ 1.58/41] 1.58) 36] 1.57/30| 1.56/20] ¢ 
le Witl Wheat flour, 33.3% 
} thos ( arch, 17% | 
ixy cornstarch, ™ - . a . . e oe | gs an . a 
Vv. mos ; Wa aes 6| 1.66) 7.9! 1.61) 7.2) 1.58) 64) 1.58) 5.9) 1.58/54) 1.57) 5.1) 1.56) 42) 1.56 (03.4) 1.57 13.2 
ranules Wheat flour, 33° 


Waxy cornstarch 


ay | 1.63'67/1.0/'65) 1.58'60/) 1.58) 57) 1.58) 5.0) 1.58/47 1.3) 5.0) 1.5) 49) 155)48) 1% 14 
le wit Wheat flour, 33° 
f [Sweetpotato |} 
OF a P | starch, 67° Is) «12.62 '62 159 60 158 60 LS58 62) 1.57) 61 1.57 | &9) 1.56) 50) 1.585 | 3.9) 1.55) 21 ‘ 
tabli 7 Wheat flour, 33° | 
{ | ixy cornstarch, 
Uarehes 67 «5 L& &1 
le witl Sago flour, 33 
. Cornstarch, 100° 4°1.6/£64/)1@ 66 > 1L@) 57) 158) 59) 157) 5.7'> 25 5.2) (2°) 
° sh Waxy cornstarch, | 
4 5 is Lo 7.1 1.6) 66 LS 6.1 1.58 5.4 1.58| 50) 1.58) 43) 1% 0 b1L.55 5.4 mw 4.3 
S ma 1) ) 
vd, lt 
rodit 4-ohm 
con- 
Ona Light industrial  tinu- 
: flashlight test ous . 
( , mi “nance ‘reent 
\ LIF after 1 test urrent Maintenance (percen 
week after 
-— 1 
week 
n 
min min min min min min min min min min min min 
usu) #45 100 a M4 75 76 6 55 52 0 
mm . - . . - > - - - 
1,012 645 100 wv se 76 71 70 63 71 73 
1.005 68S 100 wt 76 SS Sl 42 a (*) 
ch ‘ 1, 120 675 100 v1 sl 75 is 65 53 43 41 
wy Hus 100 97 w AS 75 70 75 73 72 66 
Yi S16 705 100 vF wv 100 Ws 95 sl 63 34 
1, 196 673 100 
8 ¥21 100 103 sv v2 SY sl (* 
we 100 ws st 76 70 61 42 » 76 boo 
Ave wi 675 100 95 SH sO 75 69 57 0 i 52 
| lhe data used in constructing this table were supplied by Earl Otto, Clarence K. Morehouse, Jacqueline M. Pritchard, Woodward G. Eicke, Ray Lasky, 
Frances McPherson, Mary J. Gleason, and Margaret E. Dekle. 
Open-cireuit voltage 
Fla hort-cireuit current. 
Scrap] cells were perforated and gave poor service 
t Perf ' 
h * All cells were used for the LIF and 4-ohm test. 
Dow nclude the value for test number 9. 
et 
p & 
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Tas Le 6.—Gel strength of modified starches at 25° C 


Weight Gel 


Starch * Modification of mer- strength> 
cury 
g gicn? 
Natural Buffalo corn- No modification 375 526, 
starch. 
Defatted Buffalo corn- Extractions with 85%, of 561 787 
stareb. methanol. 
H-2) cornstarch © To resist oxidation 193 271 
4601 cornstarch ¢ do 365 409 
3006 cornstarch ¢ To resist zine chloride 316 443 
HSI cornstarch Treated with chlorine 343 481 
dioxide. 
CKM cornstarch ‘ Mixed with ethanol and 352 14 
heated at 80° C 
Soft white wheat starch Slotter and Langford « 396 555 
method. 
4-21 wheat starch (Gen- Unknown treatment 261 3H 
eral Mills) 
Fatted Buffalo corn- 1° of corn oil added 327 459 
starch. 
Natural waxy corn- No modification 34 48 
starch 
Amioca do 3 42 
lowax Washed with distilled 39 55 
water 
Amidex (a dextrine) Acid-treated and heated 0 0 


* All of the pastes were made with 29.2 g of starch, 8.133 g of ZnCl, 30.267 
g of NH,C1, and 65.57 g of distilled water 

» Weight of mercury divided by area of disk of diameter0.95cm (4s in.). 

¢ Supplied by American Maize Products Co., Roby, Ind. 

4 Supplied by the Corn Products Laboratories, treatments unknown. 

© Prepared by H. 8. Isbell, National Bureau of Standards. 

f Prepared by C. K. Morehouse, formerly of the National Bureau of Stand- 
ards 

«RK. L. Slotter and C. T. Langford, Ind. & Eng. Chem. 36, 404 (1944). 

» Supplied by the Northeastern Regional Laboratory of the U. 8. Depart- 
ment of Agriculture, Peoria, I] 


ing paste walls of natural unmodified starches. 
Apparently, the modifications fracture the glu- 
cose chains of the starch granules, shown by the 
gel-strength measurements, giving more reducing 
aldehyde end groups, and consequently increased 
interaction between the starch and MnQO,. Even 
those treatments intended to convert the aldehyde 
end groups to nonreducing carboxyl groups [7] 
must instead fracture the starch granule, thereby 
giving more instead of less aldehyde end groups. 
Probably most chemical modifications will affect 
starch in like fashion. Hence, modified starches 
will probably be less satisfactory than natural 
starches for use in dry cells. 

Dry cells made with various starches, plus wheat 
gluten or fats, compare favorably with those pre- 
pared with wheat flour, providing the amount of 
fats or oils added was not excessive. Cells pre- 
pared with soybean flour gave less current main- 
tenance than the others, probably because of the 
large amounts of fats and oils in soybean flour. 
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5. Fractionation of Starch 


Starch granules consist of straigh: chain) 
(amylose) and branched chained (an lopectin 
glucose units. Only 0.4 percent of glucose yyj, No 
in amylose contain aldehyde end groups and ; 
percent of the glucose units of amylopectin egy. 
tain aldehyde end groups [8]. Therefore, amylox, 
should be less subject to oxidation by MnO, th, 
amylopectin. The common starches, corn, whoa: . 
and potato consist of about 20 percent of amylos F 
and 80 percent of amylopectin, whereas wan 
cornstarch is 100 percent amylopectin. Hey 
waxy cornstarch should be more easily oxidize 
than the common starches. Otto, Vinal, ay 
Ostrander [1] have shown that this is the case » 
100° C. However, shelf-life data given above fy Ne 
cells made with paste walls of waxy cornstar: 
and ordinary cornstarch were not appreciably 
different. However, the amylose content in cor. 
starch may be too low to expect any noticea)) 
difference. Consequently, D-size cells were mae He 
with paste walls of corn amylose. 

Cornstarch was first defatted by the methan 


method of Schoch [9]. Then corn amylose was \ve 
obtained from the defatted cornstarch by th 

butanol isoamyl alcohol method of Wilson, Schoc! *D 
and Hudson in which a starch paste is first auto- H,.. 
claved for 2 to 3 hours at 18 to 20 pounds per * OF 
square inch [10]. The amylose was partial); 

dehydrated by tritulation with methanol an - 
butanol, maintained in a water-soluble state !y ae 
keeping it moist with butanol, and its purity dr- the f 
termined by the colorimetric method of McCready FY 
and Hassid [11]. A purity of 90 percent was « 


found by this method for the sample by Harriet L 
Frush of this Bureau. As this purity was adequate 
for the present purpose, no further purificatio 


‘orn 














flash 
rent 
Teast 


hust 


was made. 

Pastes were made of pure amylose and of mi- 
tures of amylose and cornstarch. The strengtls bmvi 
of these pastes are given in table 9, together wit lelet 
data on mixtures of cornstarch and waxy cor - 
starch. No exact correlation between gel streng!! 
and the percentage of amylose in the paste Ws 
found. However, it is a question whether thes 
amylose pastes are true gels. Brimhall and Hive 
[12] have stated that starches autoclaved at lus! 
temperatures possess little rigidity and hen 
would not form gels. However, when corn amy- 
ose, wet with butanol, is heated at 100° © 








iVte 
0 tl 
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TABLE 7.—Shelf life data at 21° C of D-size dry cells containing modified starches * 
1alned Storage period 
ectit Num- - 
ee - 1 week Imonth ‘3months 6months 9% months 1 year 15months 18 months 21 months 2 years 
Units cells ” eS “ 
and 4 OCV> FCe OCV FC OCV FC OCV FC OCV FC OCV FC OCV FC OCV FC OCV FC OCV FC 
1 CON. n 4 ia ' zm 
‘ t amp t amp v amp c amp v amp r amp amp v amp v amp ia amp 
ny lose Defa i cornstarch 15) 1.68/65) 1.50) 5.7) 1.58) 63 41.57) 5.7) 1.56) 4.7 °156) 5.3 "LH 41 Lh 35 OL 2.5 
' thar wos Cornstarch 0 16 66 150')64 158/53 158 44 )2157 44 255 32.0°'>155 (> 23 (f) 
» Than 
4601 Cornstarch 0 LH) 67 180) 64> 158 388 LSB 54 157 49 °~=255 48°25) 43° 26 43 
vheat H-® Cornstarch 3) 165) 80/162 57/5159 /58/5159/48 158 46 157°>36515% 3.1, 
nVlos Hs Cornstarch 5 162 7.4 > 160 68) ( 
‘ H-» Cornstarch, 
Way 67°); Wheat flour, 
Len $3 4621.62, 7.5 160/69 °5159)60 158 41 °>257 3.1) 125 26 1.5618 15 22) 
dizer — = = = = ———— = = = = = =3 
4-ohm - 
con- 
Light industrial tin- 
fl i teat pony Current maintenance (percent 
ifter | week) (after 
srr 1 
tare! week) 
elably 
COM Min 
100 SS 82 a 72 82 63 iM 3s 
veal 100 97 5) 67 67 46 35 (f) 
Thad: 100 96 87 sl 73 72 4 4 
100 71 73 Pi os 45 3y ( 
100 92 (f) 
= 705 100 92 80 55 41 35 24 16 (f) 
ait 
» Wis 100 SY sO 70 62 56 41 






















y the 


hoe! 


* Data used in constructing this table were obtained by Earl Otto, Clar- 
« K. Morehouse, Jacqueline M. Pritchard, Woodward G. Eicke, and 
Ray Lasky 

* Open-circuit voltage. 


aulo- 
ls pe r 


tally 
|, BBdissolves completely to form a clear solution. 


m cooling, the amylose appears from solution in 
the form of a very rigid mass, probably retrograded 
umylose, which could be used as a paste wall in 
Irv cells. 

Data on D-size dry cells made with paste walls of 
orn amylose are given in table 10. The initial 
lash or short-circuit current was low, and the cur- 
ent maintenance poor. There are probably two 
vasons for this poor behavior. First, the amylose 
nust be kept moist with butanol, and second, the 
mylose pastes are not true gels. Butanol has a 
leleterious effeet on the dry cell, and amylose 
astes not being true gels do not retain cell electro- 
yte well and give up their water and electrolyte 
0 the depolarizing mix of the cell. Attention, 


herefore, was given to the flour portion of the 
vaste wal] 


let L 
uate 


atiol 


Mi\- 


6. Fractionation of Flour 


Crude gluten was obtained from wheat flour by 
he method of Dill and Alsberg [13], in which the 


aste Walls and Shelf Life of Dry Cells 


e Flash or short-circuit current. 

4 6 cells. 

* 4 cells. 

f Scrapped; cells were perforated and gave poor service. 


starch was washed away with a synihetic tap 
water of pH 6.8. The various proteins were then 
obtained from the crude gluten by a modification 
of the combined methods of Stockelbach and 
Bailey [14] and of Haugaard and Johnson [15}. 
Crude gluten (200 g) was added to 3.5 liters of 0.1 N 
acetic acid to which 7 g of K,SO, were slowly 
added. After 24 hours of stirring, the glutenin 
was dispersed with 3.5 liters of 95-percent ethanol. 
After a few hours the dispersed glutenin was 
recovered using a laboratory centrifuge (rpm= 
2,000). The glutenin became hard and _ brittle 
when air-dried and was unsuitable for use in dry 
cells. After an additional 24 hours at room tem- 
perature, a second syrupy mass settled from the 
acetic acid-alcohol mixture. This fraction was 
designated mesonin but probably was contam- 
inated with glutenin. 

The other proteins were obtained from the 
supernatant liquid by a cooling process, first for 
2 days at 13° C, next for 1 day at 4° C, and finally 
for 2 days at —10° C. Syrupy masses were ob- 
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TABLE 8. 


Num 
ber of 
cells 


1 week 1 month 


Composition of the paste 
wall 
OCV® FC «© OCV. FC 


amp v amp t 


ae 


Cornstarch 67%; soy : i 6.2 4.7 1S 


bean ¢ flour, 33°; 

Waxy cornstarch, 99.5%; 
corn oil, 0.5% 
Cornstarch, 67°; wheat 

gluten, 33% 
Waxy cornstarch, 67° 
wheat gluten, 33% 


4-ohm 
contin- 
uous 
test 
(after 1 
week) 


Light industrial flash- 
light test (LIF) (after 
1 week) 


Test No 


min min 


+68 


Average 


* Data used in constructing this table were obtained by Earl Otto, Clarence 
K. Morehouse, Jacqueline M. Pritchard, Woodward G. Eicke, and Ray 
Lasky. 

>» Open-circuit voltage. 


TaBLe 9.—Data on the gel strength of aqueous mixtures of 
cornstarch and corn amylose, and cornstarch and wary 
cornstarch 


12.8%; waxy cornstarch= 13.5%; corn 
86.9°, butanol.] 


[Moisture contents: Cornstarch 
amy lose 


Weight of 

dry sample 

per 100 ml 
of paste 


Weight 
of corn 
amylose 


Per- Weight 
cent of o 
amylose mercury 


Weight 
of corn- 
starch 


Weight 
of 
water 


Gel 
strength * 


= 


ag 
0.00 
15. 27 
30.53 
45.80 
76. 34 


ct it it Mt Me | 


Weight 
of waxy 
corn- 
starch 


“esa 8 sa 8 


* Weight of mercury divided by the area of the disk of diameter 1.9 em 
(% in.) 


260 
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ocyv 


amp 


Shelf life data at 21° C of D-size dry cells containing starches plus gluten or fats * 


Storage period 


6 months 9% months 1 year 15 months 18 m 


FC ocV FC OCV FC OCV FC OCV FC ocy 


amp amp amp amp t 


Current maintenance (percent) 


¢ Flash or short-circuit current. 
4 Contained 46% fats and oils. 
¢ Scrapped; cells were perforated and gave poor service 


tained at the end of each dav and were, resper- 
tively, mesonin I, mesonin II, 4° C-gliadin, and 
—10° C-gliadin (fraction obtained in last 2 days 
of cooling). Only a very small fraction (residue 
gliadin) and insufficient for use in dry cells was 
was obtained, when the ethanol was removed frou 
the acetic acid-alcohol mixture by distillation 
Each fraction was washed with distilled water ani 
used to line 12 D-size zine cans by the mer 
expedient of allowing the pastes to stand in tl 
eans for 12 hours. On pouring the pastes fro! 
the cans after 12 hours, a very sticky and adhering 
film remained on the wall of each can. Part ©! 
the 4° gliadin was neutralized to a pheno 
phthalein end point with sodium hydroxide. Ce 
were also made with this neutralized gliad 
Nine D-size cells were also lined with a sample o! 
commercial gliadin dissolved in 60-percent ethane! 
Shelf-life data for dry cells made with the varies 
gluten fractions are given in table 10. The aver 
age current maintenance (ratio of flasl curre! 
of aged cells to initial flash current of same cel 
of the seven types of gluten fractions !s give!" 
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7 10.—Shelf life data at 21° C of D-size 


dry cells 


made with cornstarch and wheat flour fractions ¢ 


Storage period 


: Num- 
Starch or flour fraction or addition to * k ; , z . 
tN paste wall of dry cells —— 1 week Imonth 3months 6months 9% month 1 year 15 months 
ocyve FCe OCV FC OCY FC OCV FC OCV FC OCV FC OCV FC 
tr amp t amp ? amp vt amp oe amp t amp ft amp 
\ Corn amylose 2/'1.44/48'> 138 Ls! @ 
Pure cornstarch 13) 164) 7.1, 15 6S OL 1.87163) 1.5; 59) 1.4%) 453 
Cornstarch 67% wheat flour 33% 48 180 +667 158 61 1.58) 58.6) 158 | 5.0) 157 5.1 1.57 | 4.4) 156) 3.7 
5 Cornstarch 67% wheat gluten 33% 3/ 1.65 | &2/ 1.62/ 7.5) 1.50/ 7.1) 1.58/63) 1.58) 58) 157) 50/)156/)3.9 
y Film of gliadin on zine can 9) 1.6649) 162,48) 158 49 157 5.0 1.56) 3.6 11.57) 4.1 91.55 42 
Film of neutralized 4° gliadin on zine 6/165 7.9) 160 7.4 158 7.0 15/69 #155 68 €1.56/63 LST 59 
can 
Film of —10° gliadin on zine can 7 166 66 162 62 1561/61) 156)57/ 1.56/57) 1.87) 85 
Film of 4° gliadin on zine can 5|' 14°48) 162 49 1.57 | 4.2) 1.56) 45] 1.87) 45) 1.87 /) 42 
Film of mesonin on zine can 9 16 62 162 S58 LSB 56 LS 4.9 1.56 | 4.3 11.57 | 5&0 11.87 | 4.4 
9 Film of mesnin I on zine can 9) 1.65 | 5&7) 1.462'54/ 1.58! 50) 1.57) 48 (91.56! 3.8 (4) 
A Film of mesonin II on zine can 2, 165 57)>10/,52/')1.58 52 157 47) (4) ( ( ( (i 
Light industrial flashlight test 
(LIF) 4-ohm continu- 
st Ne a oe ous test Current maintenance (percent) 
(1 week) 
1 week 6 months 
Minutes Minutes Minutes 
3 ee ee . ocosnene 100 3S (*) 
Q 2 921 100 06 4 ay 83 75 
vst) 645 100 91 M 75 76 th 55 
a79 72 100 91 S7 77 71 ‘él i 51 
2 SUS Tt 100 Ys 100 102 «73 eM Ww 
767 777 100 wh AY a7 SO st) 075 
uy so 746 100 at v2 sO sO SS } 
' 
S37 Mil 100 102 AS wt 10 SS 
y 716 753 100 rr ra) 79 ‘iy sl i771 } 
d S7o 747 100 95 NS M b 67 
> 919 72 100 91 v1 82 () () ) 
Avg of 22 t si4 767 100 95 92 S7 7y SS i79 
Pa) 
s used in constructing this table were obtained by Clarence K. ! Data for 7 cells; 2 cells were removed for LIF tests 


® Data for 4 cells, 2 cells were removed for LIF tests. 
» Perforated. 

i Removed for LIF tests. 

i Value not included in average. 


lorehouse and Jacqueline M. Pritchard. 
Upen-circuit voltage 

Flash or short-circuit current. 

“crapped, cells gave poor service 


ls contained a paste wall of cornstarch, 67° and wheat flour, 33°. 









cells reported here, but identical procedures were 
followed in making all of the cells reported in this 
paper, and comparisons must be made with the 
experimental cells and not with commercial ones. 
It is known that gluten and its protein fractions 
are inhibitors of the corrosion of zine [5], and their 
beneficial effects in the dry cells may be inter- 
preted in this light. Therefore, the properties 
of the paste wall of dry cells may be improved, not 
by changes in the starch content, but by changes 
in the flour content wherein the protein constituent 
is either modified or used as a film. 


igure 5 for a period of 15 months, and compared 
ith similar data for eight natural starches (table 
) and five modified starches (table 7). At the 
ud of 15 months, cells made with paste walls of 
he gluten fractions, natural starches, and modi- 
ed starches gave current maintenances, respec- 
ely, of 79, 57, and 41 percent. On the average, 
lls with modified starches give lower current 
maintenance than those with natural starches, 
hereas the gluten fractions show beneficial effects 
n dey cells. Many commercial cells will show 


higher current maintenance than the experimental 
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Figure 5.—Current maintenance of D-size flashlight cells 
stored at 21° Cand made with paste walls of natural starches, 
modified starches, and gluten fractions. 





. & starch-flour combinations (169 cells); 
, cornstarch- 


@. 7 gluten fractions (45 cells); 
@. 5 modified starches (42 cells); ,@ amylose (2 cells); 
wheat flour (48 cells). . 


III. Conclusions 


The results of this investigation have shown that 
the paste walls of dry cells react for a time with 
the depolarizing mix of manganese dioxide, and 
to a lesser degree with the zine and ammonium 
chlorides of the electrolyte. It was shown that 
these reactions could not be eliminated or curtailed 
by using different varieties of starches, modified 
starches of low reducing power, starch fractions 
of low reducing power, or by the use of addition 
agents. Improvements in dry cells could be 
made, however, by using protein films on the sur- 
face of the zine anode of a dry cell. These 
films decrease the local action at the anodes 
whereby the gassing and the drying out of the 
dry cell and the desiccation of the paste wall are 


retarded. This suggests that these latter factors 


are more critical than the deteriora: on, oy 4), 
interaction of the paste wall with the « onstity, 
of the dry cell, in determining the sh« |! life of dry 
batteries in hot and humid climates. 
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